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Abstract 
 
Glass polyalkenoate cements (GPCs) are produced from a reaction between fluoro-
aluminosilicate glass powder with poly(acrylic acid) (PAA). These cements are widely used 
in dentistry as adhesive and tooth restorative materials. During the setting reaction, the 
Al(IV) changes its coordination number to Al(VI) and crosslink to PAA chains. In the 
present work, the structure of the glass and the setting reaction of GPCs were studied by 29Si, 
31P, 19F and 27Al magic angle spinning nuclear magnetic resonance (MAS-NMR) 
spectroscopy. The influences of alumina content as well as mixed cation such as Ca/Na and 
Ca/Sr on the glass structure were studied. The Q structure of the glass changed with the 
alumina content as the number of neighbouring Al in SiO4 network decreased. The decrease 
in alumina content also resulted in more disrupted glasses and a higher tendency to undergo 
amorphous separation and crystallization because there are more Ca cation available to form 
NBO and F-Ca(n). Furthermore, the influence of substituting sodium for calcium was 
investigated. The Q structure of the glass was not affected with the addition of Na. It was 
found that Na penetrates the phosphorus and fluorine environments and forms Na/Ca 
pyrophosphate and F-Ca(2)/Na(1) and Al-F-Na(n) species. The effect of Sr substituting for 
Ca was also studied. It was suggested that Sr may have a little influence on the glass 
structure due to their similarity in charge to size ratio. The Sr may slightly affect the 
phosphorus environment due to the difference in field strength of Ca and Sr. In this study, 
the setting reaction of GPCs was followed by 29Si, 31P, 19F and 27Al MAS-NMR 
spectroscopy. All GPCs continue to have a pyrophosphate environment of Q1 Al-O-PO33- 
regardless of the original glass composition. This suggests that the Al(IV) from the Al-O-P 
bonds are not released from the glass network, thus are not available to crosslink to PAA 
chains. Therefore, the phosphate content is important for controlling the working and the 
setting time of GPCs. The conversion of Al(IV) to Al(VI) was determined from the 27Al 
MAS-NMR data and the Al(VI):Al(IV) + Al(V) ratio was calculated in order to follow the 
setting reaction of the GPCs. The addition of fluorine in the GPCs was found to enhance the 
acid attack during the setting reaction. In contrast, it was suggested that Na delays the setting 
reaction by forming Na polysalts and hence, disrupting the crosslinking of Al3+ to PAA. 
Although the presence of Sr has little influence on the structure of the glass, the conversion 
of Al(IV) to Al(VI) is lower for Sr and mixed Ca/Sr cements than Ca cement. The difference 
is not yet fully understood, but it is suggested that it may be due to the larger size of Sr ions. 
A commercial GPC, Carbomer® containing fluoroapatite (FAP) designed to remineralise in 
the mouth was also studied. This study showed the involvement of the FAP component in 
the setting reaction and hence, the amount of FAP available for promoting the 
remineralisation process decreases. The Al(V) is present in all GPCs regardless of the setting 
time. In addition, the participation of Al(VI) from the glass in the setting reaction is not clear 
because both Al(VI) in the glass and in the cement matrix have very similar chemical shift. 
The present work suggests that there are two sites of Al(IV) after the setting reaction, which 
are attributed to the Al(IV) in the original glass and in the degraded layer of the glass. The 
reduction of Al-F-Na(n) and Al-F-Ca(n) species after the setting reaction and the 
unavailability of Al-O-P bonds for acid attack suggest that ion exchange between cations (Na 
and Sr) with protons from PAA may take place during the setting reaction. All GPCs show 
similar fluorine environments after setting. It was suggested that fluorine maybe bonded to 
Al in higher coordination states than four. Finally, there is a reconstruction of the silicate 
network during the setting reaction, as a result of the release of Al3+ and other ions from the 
glass network. It is assumed that the reconstruction of the silicate network depends on the 
release rate of the Al(IV). It is hoped that the improved structural understanding of the glass 
and the setting reaction of the GPCs obtained during this study will lead to the design of new 
GPCs for specific applications. 
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1 Introduction 
 
Glass polyalkenoate cements (GPCs) are formed by the acid-base reaction of 
poly(alkenoic acid)s, such as poly(acrylic acid), PAA, with a calcium fluoro-
aluminosilicate glass powder [1]. The PAA, in the presence of water, attacks the 
glass network and releases metal cations, such as Ca2+ and Al3+ ions. These metal 
cations ionically crosslink the PAA chains, resulting in a hard ceramic like 
cement. 
 
The Al-O-Si bonds in the glass structure are susceptible to acid hydrolysis. This 
reaction is shown schematically in Figure 1.1. The hydrolysis of the glass results 
in the release of Al3+ and the associated charge balancing Ca2+ as well as the 
formation of Si(OH)4 which subsequently undergoes condensation 
repolymerisation to form silica gel.  
 
                              
Si Al
Ca 2+
3H O
+
O OO
Si(OH) 4 Al3+,Ca2+cations
for crosslinkingSilica Gel Layer  
Figure 1.1. Hydrolysis of Al-O-Si bond in the glass network. 
 
These cements are widely used in dentistry as adhesives and tooth restorative 
materials. Their ability to release fluoride is clinically important to prevent the 
development of secondary caries around restorations [2]. Over the last ten years, 
they have also been developed for medical applications [3] and are now 
commercially available as bone cements and a pre-set cancellous bone substitutes. 
They are the adhesive of choice in otology for cementing cochlear implants [4].  
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1.1 Significance of the study 
 
Although the setting reactions in the GPCs have been extensively studied, the 
setting process is not yet fully understood. There are considerable debate and 
controversy over various aspects of the setting reaction, including whether the 
setting reaction continues with time and how both the silica gel phase and polysalt 
phase affect the long term mechanical properties [5-7].  
 
Various techniques such as pH studies [8], 13C MAS-NMR [9], Fourier transform 
infra red spectroscopy (FTIR) [10] and Raman [11] spectroscopy have been used 
to characterize the setting reaction of the cements. However, FTIR [10] 
spectroscopy is only suitable for semi-quantitative analysis, since the loss of the 
carbonyl group absorption band from a carboxylic acid (-COOH) during the 
neutralization can be masked by the asymmetric COO- salt band. Another problem 
with the FTIR is the overlap of the absorption bands of the polycarboxylic acid 
with the strong absorption bands of water. It is also known that the baseline can 
often hinder the reproducibility of the FTIR spectrum. In contrast, Raman [11] 
and 13C NMR [9] spectroscopies only concentrate on the neutralization of COOH 
group in the polycarboxylic acid during the setting process.  
 
Recently, MAS-NMR spectroscopy has been used to study the structure of the 
glasses used to form GPCs [12] and the setting reaction of the GPCs [13]. The 
advantages of this technique are that it can probe the structure of the amorphous 
glasses and give information on the local environment of selected species and 
their next nearest neighbours. The studies by Matsuya et al. and Pires et al. [7, 13] 
have shown that the Al switches its coordination number from four, Al(IV), in the 
glass to six coordinate, Al(VI), in the cement matrix.  
 
Previous studies have largely been based on commercially available cements, 
where the composition and any pre-treatments (e.g. acid washing) of the glass and 
the formulation of the cement are not known. This makes the quantitative analysis 
and the interpretation of the results difficult. Furthermore, previous studies have 
not studied nuclei other than 27Al and 29Si although glasses used for GPCs also 
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contain other nuclei such as 19F and 31P. The structural role of fluorine in the glass 
and particularly in the cement is important to understand, since the glasses contain 
a large proportion of fluorine and this fluorine is subsequently released from the 
cement as soluble fluorides and plays a major role in preventing secondary caries 
or tooth decay [14].  
 
In the present study, experimental glasses of known composition are used and 
have been characterised by MAS-NMR [15]. Knowing the glass composition and 
the proportions of glass and polyacid enables acid-base calculations to be 
performed. These studies will give valuable information on the cement chemistry, 
and it is envisaged will lead to the chemistry and properties of these cements 
being optimised further. This will hopefully lead to cements with higher strength 
and toughness that will enable these materials to replace mercury based amalgams 
as the current material of choice for restoring decayed teeth. 
 
1.2 Objectives of the study 
 
The aim of this study is to characterize the glass structure and GPCs using 29Si, 
31P, 27Al and 19F  MAS-NMR spectroscopy in order to: 
 
1. understand the influence of replacing Na+ for Ca2+ and Sr2+ for Ca2+ on the 
glass structure. 
2. understand the effect of alumina content in the glass composition. 
3. characterise the chemistry of the setting reaction in GPCs based on 
experimental glasses and hence, to understand the crosslinking process 
during the setting reaction. 
4. compare the setting reaction of the above cements with GPCs from simple 
glasses such as glass with no phosphate or fluorine or both. 
5. compare the setting reaction of cements from the experimental glasses 
with a new commercial cement, Carbomer®. 
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2 Literature Reviews 
 
 
2.1 Glass Structural Theories 
 
In order to form a glass, there are several theories and models that should be 
considered. These are Goldschmidt’s criterion, Zachariasen’s rules and 
Loewenstein’s rules. 
2.1.1 Goldschmidt’s Criterion 
 
Goldschmidt suggested that in order for an oxide (AxOy ) to form a glass, it should 
meet the ratio of 0.2 to 0.4 of the ionic radii of the cation (ra) and oxygen anion 
(ro) [16]. 
 
 0.2 ≤ ra/ ro  ≤ 0.4,  
For example, SiO2, which can form glasses,  rSi4+ = 0.41Å, ro2- = 1.40 Å, therefore, 
ra/ ro  = 0.29. 
 
However this theory is inadequate. For an example is BeO. Although its ratio falls 
between the given criterions, it cannot form a glass. 
 
2.1.2  Zachariasen’s Rules 
 
Zachariasen’s rules state that glass can only be formed when the co-ordination 
number of the primary glass-forming component is low, normally four or less [17, 
18].  
 
The rules state that for an AxOy oxide to form a glass, the number of oxygens 
around an A atom must be 3 or 4. Zachariasen concluded that only triangular and 
tetrahedral arrangements (B2O3, SiO2, GeO2, P2O5, As2O5, Sb2O3, V2O5, Nb2O5, 
and Ta2O5) were capable of forming glass. Figure 2.1 shows the structure of a 
silicate comprised of SiO4 tetrahedra. 
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• An oxygen may be linked not more than two glass-forming cations. 
• The polyhedra share corners with each other, not on edges or faces. 
• The polyhedra are linked in three-dimensional network. 
 
 
Figure 2.1. Silica tetrahedral structure after Willson and McLean [1]. 
 
Zachariasen deduced that the atoms must be linked in the form of three-
dimensional network in a glass, as in a crystal, but in glass there is sufficient 
distortion of bond angles to permit the structural units to be arranged in a non-
periodic fashion giving a random network (Figure 2.2). 
 
 
Figure 2.2. Two-dimensional representation of an oxide M2O3 in (a) the 
glassy form and (b) the crystalline form after Zachariasen [17]. 
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In order to form a complex oxide glass, additional oxides such as alkali metal and 
alkaline earth are required. The material should contain a sufficient percentage of 
cations surrounded by tetrahedra or triangles of oxygens. It also must have only 
corners in common and for some oxygen atoms, it is only linked to two of these 
cations and does not form new bonds with other cations.  
 
Zachariasen [18] classified the oxides into three groups according to their 
function. These are network forming oxides, network modifying oxides and 
intermediate oxides. Oxides that can form glasses, such as SiO2, are known as 
network forming oxides because they are capable of building up a continuous 
three-dimensional random network. A network modifying oxide is an oxide, 
which is unable of forming a continuous network and usually weakens the glass 
network. For example, when sodium oxide, Na2O, is introduced into a silica glass 
to give a sodium silicate glass, the additional oxygens take part in the network and 
break a specific number of bonds.  Consequently, the Si-O-Si bond is broken, and 
two Si-O- are formed (Figure 2.3). The two negative charges on the oxygens are 
compensated by nearby Na+ cations.  
 
 
Figure 2.3. The schematic reaction between sodium oxide and silica 
tetrahedral after  Mc Millan [16].  
 
Another type of oxide is an intermediate oxide which usually is not capable of 
forming glasses on its own, but can take part in the glass network. An example of 
an intermediate oxide is aluminium oxide, Al2O3. An Al ion can be four or six 
coordinated with oxygen in a crystalline structure. These AlO4 tetrahedral groups 
can replace the SiO4 tetrahedra in the glass network. An additional unit of positive 
charge must be present for local charge balancing of the charge deficient Al3+ 
such as Ca2+ (Figure 2.4).  
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Figure 2.4. Aluminium in a silicate structure after Wilson and McLean [1]. 
 
2.1.3  Loewenstein’s Rules 
 
Loewenstein’s rules [19] state that firstly, aluminium can exist as a four 
coordinate species on condition that there are sufficient cations to charge balance 
the Al such as Ca2+ (Figure 2.5a). P5+ can also locally charge balance the Al 
(Figure 2.5b). Secondly, AlO4 tetrahedra must not come into close proximity; 
otherwise one of the Als will take up a higher coordination state, which is not 
favourable for glass formation. To ensure that Loewenstein’s rules are met, the 
Al: (Si + P) ratio must be less than or equal to 1.0. In addition, the ratio between P 
and Al must be less than 1.0 to avoid phase separation. 
 
  
Figure 2.5. Local charge balancing of aluminium a) by Na+ cation or b) by 
phosphorus cation. 
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2.2 Glass Formation 
 
Glass can be defined as a non crystalline solid product of fusion, which has been 
cooled to a rigid condition, and the atoms are randomly arranged and have no 
long-range ordered pattern [20]. As discussed previously, oxide glasses can be 
formed from the network former oxides such as silica, or in combination with 
network modifying oxides such as calcium oxide and intermediate oxide, 
aluminium oxide. 
 
Glass is generally prepared by melting the components at high temperatures. The 
melting temperature depends on the chemical composition of the fusion mixture. 
The melts are then poured onto a metal plate or into water to cool immediately. 
The quenching rate is important in order to form a glass and to ensure that 
crystallization does not occur [1]. 
 
Silica is the most important glass-forming oxide because it has a low coefficient 
of thermal expansion and a high softening temperature [16]. SiO2 has a 4-
coordinate tetrahedral structure and the oxygen bridge Si-O-Si gives it many 
unique properties. The rotation of this oxygen bridge is almost completely free 
and as a result of this flexibility, it can very easily form amorphous materials.  
 
Another glass forming oxide is phosphorus pentoxide, P2O5, which is less 
practical because it is unstable in the presence of water. It does not have sufficient 
hygroscopic resistance to be used alone. The phosphorus atoms are arranged 
tetrahedrally and may form phosphorus-oxygen bonds in the glass network that 
are capable of being hydrolysed at neutral pH [16]. However, in aluminosilicate 
glasses, P5+ ion is used to locally charge compensate the deficient Al3+ ion in AlO4 
tetrahedra. 
 
 Aluminium oxide is an intermediate oxide, which can act as network forming 
oxide or as modifier in glass formation. It can substitute into the network structure 
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and provide bridging oxygens, BOs [16]. For example, in a silicate glass, Al3+ can 
replace the SiO4 tetrahedra by AlO4 tetrahedra and form Si-O-Al bonds.   
 
One of the network modifier oxides is calcium oxide, CaO, and it is used in the 
silicate network to disrupt in the continuous network structure by forming two 
NBOs of Si-O--Ca2+-O--Si bonds. Therefore, in the SiO2-Al2O3-CaO-P2O5-CaF2 
glass system, the AlO4 enter the silicate network, to form Si-O-Al bonds, and the 
deficient charge of Al3+ is compensated by either P5+ to form Al-O-P bonds or by 
a shared calcium ion.  
 
The possible arrangement of local structures surrounding a Si atom can be defined 
by using the Qm structure or Qm(nAl) where m is the number of bridging oxygen 
and n is the number of Al attached to the silicon [21]. Figure 2.6 shows the 
example of Q structures for silicate and aluminosilicate glasses.  A Si atom that is 
surrounded by four oxygen ions is known as Q0 as there are no BOs in the Si 
environment. Addition of one bridging oxygen to a Si atom will give a Q1 
structure and addition of two, three and four bridging oxygen will give Q2, Q3 and 
Q4 structures respectively.  
 
 Figure 2.6. Examples of Qm structure for silicate glasses and Qm(nAl) 
structure for aluminosilicate glasses. 
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2.3 Glass Polyalkenoate Cement 
 
GPC, also known as glass ionomer cement, was first reported by Wilson and Kent 
[1] in the late 1960s. The major application of these cements is for dental 
restoration, due to their translucency and ability to adhere to dental hard tissue. 
The first commercial GPCs were launched in 1975, and since then the 
development of these cements for other applications have been widely studied. 
They can also be used as bone substitute due to its potential to promote bone 
growth [3, 22]. They also have a potential to be used for the building industry, and 
cements formed from waste gasifier slags based on SiO2-Al2O3-CaO glasses have 
been studied widely [23, 24]. 
 
GPCs have a number of important advantages in dentistry area. They are 
chemically bonded to the tooth structure, and also have good biocompatibility. 
They give very low shrinkage during setting and are also known to have a caries 
inhibitory role [1, 25, 26].    
 
GPCs are derived from aqueous polyalkenoic acid, such as poly(acrylic acid), and 
a glass component that is usually a calcium fluoro-aluminosilicate. In early 
studies, these cements set sluggishly, were sensitive to moisture, and had an 
opaque appearance. However, both glasses and the acids are chemically diverse 
materials and therefore the improvement of these cements was achieved notably in 
the formulation with improved compositions [1]. 
 
The polyalkenoate glasses or ionomer glasses are different from conventional 
silicate glasses because acid can decompose them, which is an important property 
for cement formation. The reason why polyalkenoate glass is susceptible to acid 
attack is because it contains negative sites from AlO4 tetrahedra [27]. When the 
powder and liquid are mixed together, an acid-base reaction occurs.  The setting 
reaction of these cements has been studied extensively using different techniques 
and demonstrates that the setting reaction involves the neutralization of the acid 
by the basic glass forming a metal polyacrylate matrix.  
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 The glass decomposes as the acidic protons rapidly attack the glass particles and 
the ions locked up in the glass network, primarily: Al3+, Ca2+, and F- are released 
and a silica hydrogel layer is formed around the residual glass particle. The ions 
that act as crosslinking species then migrate into the aqueous phase of the cement. 
These include Ca2+ and Al3+ complexes. In some glasses, the release of the 
calcium ions predominates, as the attack is not uniform and it takes place 
preferentially at calcium-rich sites. The polymer chains are thus ionically 
crosslinked by these ions via the carboxyl groups. This will lead to a gelation of 
the polyacid and formation of a cement [28]. 
 
 
The addition of fluorine has an important role in the glasses especially in silicate 
and aluminosilicate glasses. Fluorine lowers the refractive index of the glass. It is 
important to produce optically translucent GPCs where the refractive index 
matches with the polysalt matrix [29]. Translucency is critical for anterior 
restorations for dental applications. The fluorine complexes in the polysalt matrix 
contribute to the therapeutic value of the cement by releasing fluoride ions over 
prolonged periods, which has a caries inhibitory role. 
 
Fluoride released from the cement can replace the hydroxyl ion in enamel apatite, 
and high fluoride levels at the enamel surface will increase the resistance to 
plaque acids. The cement is not weakened by the leaching out of fluoride since it 
is thought to be released mainly as the sodium salt, which is not the matrix-
forming species [1].  
 
Another function of fluorine in these glasses is that it decreases the melting 
temperature. Griffin and Hill [29] reported that the glass transition, Tg, for glasses 
prepared in their experiments fall by approximately 200ºC when the amount of 
fluorine increased. They explained the reduction is caused by the replacement of 
BOs by fluorines to form non-bridging fluorines in the glass. Thus, it disrupts the 
glass network and allows the relaxation phenomena to take place at lower 
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temperature. In addition, fluorine converts Ca2+ to F-Ca(n) reducing the number of 
NBOs attached to Si.  
 
The existence of fluorine in the glass composition controls the rheological 
parameters and setting characteristics [30, 31]. Since the fluorine acts as a 
disruptor to the glass network, the glass will be more susceptible to acid attack, 
because fewer bonds will need to be broken to release the aluminium ions in 
cement formation. Crisp and Wilson [32] found that the fluoride ion aids the 
extraction of cations from the glass powder. De Barra and Hill [30] found that the 
setting and the working times for the prepared cements in their work decreased on 
increasing the fluorite content in the glasses. This is due to the fluorine replaces 
BOs forming non bridging fluorines, and calcium cations substitute BOs forming 
NBOs, where Ca2+ and F- act as network disruptors. This facilitates the 
degradation of the glass network; hence influence the formation of the cement. 
 
2.4 Setting Reaction of GPCs 
 
There are many factors affecting the properties of the GPCs. The most important 
factor depends greatly on the glass composition. The presence of aluminium in the 
glass structure is important to create negative sites that can be attacked by an acid. 
When Al3+ ions enter the tetrahedron silicate network, they leave a net negative 
charge on the structure. This is normally charge balanced by a positive charge 
from Ca2+ or Na+. There is also a limitation in the Al:Si ratio of 1:1 because above 
this value the aluminium is not only present as tetrahedrally coordinated Al(IV) 
but will also be present in five or six coordination states, Al(V) and Al(VI) [22].  
 
Nicholson et al. [10] suggested that calcium ions are responsible for the initial 
setting followed by aluminium ions by using the FTIR spectroscopy.  Their study 
suggested that calcium polyacrylates emerge first followed by aluminium 
polyacrylates by looking at the time of the first appearance. In order to form 
calcium polyacrylate, the divalent calcium ions bridging two polyacid chains via 
the COO- sites. Next, trivalent metal such Al3+ slowly form aluminium 
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polyacrylates, which are responsible for the hardening process of the cement. In 
the presence of water, the coordination number of aluminium is six and therefore 
six ligands must be attached to aluminium. The ligands could be COO-, F-, OH-, 
and water molecules.  Setting can also be caused by the displacement of the 
multivalent aluminium and calcium into the various spheres of hydration that 
interpose themselves between the cation-anion ion pairs.  
 
The hardening process takes place after the initial setting reaction, which involves 
precipitation and an increase in hardness of the cement over the ageing time. The 
metal ions increasingly bind to the polyacid chains. A further slow maturation 
takes place, and the cement becomes resistant to desiccation and acid attack. The 
cements also become more rigid and gain more strength [1]. 
 
The rate of setting can be affected by the particle size of the glass. A glass with 
finer particle sizes will set faster and have a shorter working time. For a filling 
grade and fine-grained luting cement, the particle size of the glass should be less 
than 45 μm and 15 μm, respectively [26]. 
 
The setting reaction of the GPCs has been studied extensively by various 
techniques such as FTIR [6, 10, 33], Raman [11] and MAS-NMR [7, 34] 
spectroscopy. The FTIR [10, 35] studies showed that during the setting reaction, 
the absorption of carboxyl group from the PAA decreases, and a new absorption 
band at around 1560 cm-1 appears, which is assigned to C-O- bonds from 
carboxylate salts. Crisp et al. [6] reported that the carboxylate salts are formed 
from crosslinking of carboxyl groups with calcium and aluminium. They 
suggested that the initial set is due to the reaction of calcium carboxylate and the 
final hardening is caused by formation of aluminium carboxylate. A study by 
Young [33] on the comparison of conventional GPCs and resin-modified GPCs by 
FTIR proposed that there are two separate diffusion mechanisms for acid 
neutralisation. The first faster process is due to the times where all the water in the 
original formulation is used up and the second slower process may be due to the 
same acid/glass reaction but initiated by water sorption. It was also reported that 
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the glass composition may influence the slower initial acid neutralisation rate of 
GPCs. 
 
The role of tartaric acid in GPCs which is used as rheological modifier was also 
studied using the FTIR. Nicholson et al. [10] found that the addition of tartaric 
acid delayed the formation of calcium carboxylate. Similar results were found by 
Raman spectroscopy [11] where the presence of tartaric acid in the GPC 
formulation delayed the formation of polyacid salts. Tartaric acid is a stronger 
acid than PAA, thus, it reacted preferentially with the glass powder.  
 
The setting reaction has also been followed by MAS-NMR spectroscopy. Matsuya 
et al. [7] found that during the setting reaction, the Al(IV) in the glass switches its 
coordination number to Al(VI) and crosslinks with carboxyl groups from PAA. 
They also suggested that the reconstruction of the silicate network takes place 
during the setting reaction (Figure 2.7).   
 
Figure 2.7. Schematic of the reconstruction of silicate network during the 
setting reaction of the GPCs after Matsuya et al.  [7]. 
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2.5 General Principles of NMR 
 
NMR is a technique that is capable of providing structural information on 
materials. NMR can determine the number and type of environment present as 
well as the neighbouring atoms. 
 
When an atom is exposed to a magnetic field, a state of quantum number splits to 
several substates. Their energies are slightly more or slightly less than the energy 
of the state in the absence of the magnetic field [36]. The splitting of these 
spectral lines of atoms within the magnetic field is called the Zeeman Effect. The 
number of energy states is given by 2I + 1, where I is the spin quantum number of 
an atom, which is characterized by quantum magnetic number, ms. For example, 
an atom with spin quantum number ½ can splits into 2 energy states (Figure 2.8), 
whereas for an atom with spin number 3/2 splits into 4 energy states. 
 
            
Figure 2.8. The Zeeman Effect for nucleus with spin number ½ after 
McKenzie and Smith [37]. 
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NMR can only be performed on isotopes whose natural abundance is high enough 
to be detected. Some of the spin numbers and the abundance of selected nuclei are 
given in Table 2.1. 
 
Table 2.1 Nuclei with its spin number and natural abundance [37]. 
Isotope Natural Abundance (%) Spin (I) 
1H 99.98 1/2 
27Al 100.0 5/2 
13C 1.108 1/2 
17O 0.037 5/2 
19F 100.0 1/2 
29Si 4.700 1/2 
31P 100.0 1/2 
 
As the nucleus is exposed to the external magnetic field, it will precess and when 
these precessing nuclei are irradiated with radio frequency energy at appropriate 
frequencies, it will be promoted from the low energy state to the high energy state. 
Resonance occurs when the frequency of the source matches the energy difference 
between the two spin states in that field and therefore can be recorded in the NMR 
spectrum [38]. 
 
The actual procedure to obtain the spectrum varies, but the most common method 
is the pulse Fourier transform technique (FT NMR). In the pulse FT NMR, the 
sample is exposed to strong radiofrequency energy at fixed field. All of the nuclei 
are excited simultaneously and each of them will absorb their appropriate 
frequencies.  When it undergoes the relaxation process, they re-emit the absorbed 
energies and coupling energies. This output is collected by a computer and 
subjected to a FT mathematical analysis which converts the time domain signal 
emitted by the sample into the frequency domain as the NMR spectrum [36]. 
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Chemical shift is the key to NMR; the shift in frequency is dependent on the 
chemical environment for that molecule or atom [36]. The chemical shift is 
usually referred as δ, in ppm and is defined as :  
δ = (ν-νref)/ νref 
where the differences in frequency are measured with respect to some reference 
group of nuclei νref. For example, one of the references for 19F is CFCl3 at δ= 0 
ppm. There are several factors that influence the chemical shift such as the 
electronegativity and anisotropic effects. 
 
2.6 Solid State NMR 
 
Most of the uses of the glasses and polymers are in their solid state, therefore, it is 
important to understand the properties of solid glasses and polymers. The 
difference between solution state and solid state NMR is that in solutions, there is 
a large amount of molecular motion, whereas in solids, the atoms are more rigid 
and are not free to move. Thus, the chemical shifts in the solid state reflect the 
actual chain conformation rather than the average chain structure [39].  
 
High-resolution solution state spectra are a result of fast isotropic molecular 
tumbling. In the solid state, this motion is absent leading to a broad spectrum from 
the effects of the magnetic dipolar interaction, anisotropic chemical shift 
interaction and quadrupolar interaction for nuclei with spin I > ½. These 
anisotropic interactions have a significant disadvantage of hindering the resolution 
of distinct sites, but on the contrary, they contain valuable structural and dynamic 
information. 
 
Most of the structural information potentially available from the NMR is masked 
in solids by various static anisotropic nuclear interactions that broaden the line 
and make the small differences in position undetectable. However, high-resolution 
NMR spectra can provide the same information that is available from the solution 
NMR by using special techniques such as magic angle spinning (MAS) and cross 
polarization [39]. 
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The dipolar and chemical shielding interactions have a 3 cos2θ-1 angular 
dependence and in liquid NMR this averages to zero under the rapid motion of the 
molecule. In solid state NMR, these two effects can be removed by MAS by 
introducing an artificial motion on the solid. The axis of the rotor of the sample is 
orientated at a magic angle of 54.74º with respect to the magnetic field and the 
term 3 cos2θ-1 = 0, when θ = 54.74º (Figure 2.9). The rate of MAS must be 
greater than or equal to the magnitude of the anisotropic interaction to average it 
to zero. Samples are finely powdered and packed tightly into rotors, which are 
then spun at rates from 1 to 35 kHz, depending on the rotor size and type of 
experiment being conducted [39, 40].  
 
 
B0 = magnetic field 
 
      θ = 54.74º 
 
Figure 2.9. Orientation of the sample in rotor at an angle θm with respect to 
the Bo magnetic field.  
 
The majority of nuclei in the periodic table have spin I > 1/2, for example 27Al has 
I= 5/2. These nuclei are known as quadrupolar nuclei. They have a non spherical 
charge distribution, which can interact with electric field gradients at the nucleus 
[41]. MAS can be used to average the first-order quadrupolar interaction to zero.  
 
However, MAS is not enough to remove completely the second-order quadrupolar 
coupling. Second-order quadrupolar coupling produces an isotropic quadrupolar 
shift, which does not disappear with MAS technique alone. Quadrupolar 
interactions can cause broadening and distortion of the signal as well as 
displacement from the isotropic chemical shift. It is known that high magnetic 
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field strength produces narrow line spectrum because the quadrupolar effects 
reduce with the square of the magnetic field strength [37]. 
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 where B1, B2 are the magnetic strength of the two different fields and 
21 qq
W,W are the quadrupolar broadening of the signal at two fields. 
 
2.7 Characterization of Glass and GPCs by MAS-NMR 
 
MAS-NMR is a powerful technique to determine the structures of glass and 
cements. It is capable of probing the local environment and coordination states of 
various atoms present in the glass and cement. The chemical shift gives an 
important information about the next nearest neighbours and coordination states 
present. For example, Matsuya et al. [7] reported that from the 27Al MAS-NMR 
spectra the Al3+ ion was tetrahedrally coordinated with oxygen in the SiO2-Al2O3-
CaO-CaF2 glass, but after cement formation, a part of the Al3+ became 
octahedrally coordinated, suggesting that much of the Al3+ ion was released from 
the glass powder.  
 
The advantage of 19F MAS-NMR is that the abundance of this nucleus is 100 
percent and hence it is almost as sensitive as 1H NMR. The chemical shift of 19F 
MAS-NMR varies hugely with the environment (Figure 2.10) and this provides a 
sensitive probe of the number and types of atoms to which it is bonded.  
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Figure 2.10. Compilation of 19F MAS-NMR chemical shift data from previous 
studies [42, 43]. 
 
Apart from 19F MAS-NMR, other nuclei such as 29Si, 31P and 27Al MAS-NMR 
also give valuable information on the glass and cement structures. 29Si MAS-
NMR gives the information on the Q structure of the glass as well as the number 
of the next nearest Al neighbours in the Si tetrahedral network [21]. The chemical 
shift for Si in a four coordinate state is between –60 and –100 ppm. For 31P MAS-
NMR, 31P nucleus has 100 percent abundance and this will give high sensitivity 
and faster experiments can be achieved. 31P MAS-NMR is useful to look at the 
local environment of phosphorus in the glass and whether it is present as a 
network former, or as an orthophosphate species.  
 
In aluminosilicate glass, the addition of phosphate generally gives a Q1 
pyrophosphate environment with phosphorus charge balancing the Al in the 
tetrahedral network and forming Al-O-P bonds [44, 45]. Another important 
nucleus that is worth studying using MAS-NMR is 27Al. The Al should be in a 
four coordination state in the Si tetrahedral network of the glass as the presence of 
Al in five or six coordination states is unfavourable for glass formation. From the 
27Al MAS-NMR, we can investigate the coordination state for Al ions in the glass 
and cement and the type of bonds that exists in the glass, for example Al-O-P or 
Al-F species. From a previous study [7, 34] it was shown that the Al switches its 
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coordination state from being four coordinate in the glass to being six coordinate 
in the cement matrix. Thus the ratio of Al(VI):Al(IV) gives a measure of how far 
the setting reaction has proceeded. 
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3 Experimental Design and Rationale 
 
This study was designed in order to understand not only the glass structure for 
GPCs but also the setting reaction of the cement. Thus, there are two major 
experimental designs in this study. The structure of the glass and the setting 
reaction of the cements will then be characterized using solid state NMR 
spectroscopy.  
 
The first part of this study was the characterization of the glass structure, which is 
based on fluoro-aluminosilicate glass. This study was conducted in order to 
understand the influence of glass compositions on its structure. For example, the 
influence of alumina content and mixtures of alkali earth oxide and metal oxide in 
the glass. Despite the numerous studies that have been done previously on these 
glasses, most of these works were reported in weight percentage, which obscures 
the composition-property relationship. Therefore, in this study the glass 
compositions have been designed on a molar basis to provide better understanding 
of the structure of the glass with respect to the influence of the compositions.   
 
The second part of this study was the structural study of the setting reaction of the 
GPCs from the glasses in the first part of this study. Various series of GPCs have 
been synthesized in order to fully understand the setting reaction of the GPCs.  
The basic glass for GPCs normally contains a significant amount of fluoride, 
which is known for its cariostatic role in GPCs in dental application. GPCs also 
have potential for the bone substitutes and for this reason it is important to have a 
glass with Ca:P ratio similar to the apatite in human bone.  
 
Therefore, in this study, most of the glasses and GPCs have a significant amount 
of fluoride and a Ca:P ratio equal to apatite. In addition, GPCs from simple 
glasses are also synthesized in order to have a better understanding of the setting 
reaction of the cements.     
  
The glasses and the GPCs were characterized using MAS-NMR spectroscopy 
specifically to understand the local structure of the glass and the setting reaction 
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of the GPCs. The output of this study is also important with a view to 
understanding the influence of the glass composition on the structure of the glass 
and can explain how it affects the properties of the glass such as thermal 
properties, for example the glass transition temperature (Tg) and crystallization 
temperature. 
 
Most of all, this study will give a valuable information on the setting reaction of 
the GPCs because a large number of cement series with different glass 
composition have been prepared and a comparison is made with a new 
commercial GPC. Previous studies [7, 13, 46, 47] on GPCs by MAS-NMR 
spectroscopy only concentrate on the environment of Al and Si. Little work has 
been done on the 13C and 31P MAS-NMR of the cements. To date, there is no 
work has been reported of the 19F MAS-NMR. The role of fluorine in the cement 
is interesting to study, since fluoride is one of the most important components in 
the glass for GPCs. In this study, the role of the aluminium, silicon, phosphorus 
and fluorine in the setting reaction of the GPCs are studied by 27Al, 29Si, 31P and 
19F MAS-NMR spectroscopy, respectively.  
 
3.1 Glass Design 
 
Most of the glasses have been synthesised previously by Hill’s group. However, 
due to lack of sufficient glass powder for cement preparation, the glasses were 
freshly synthesised. Four series of glass compositions were studied. These 
systems are: 
 
i. Series A: This is a series of glasses with simple compositions without 
phosphate or fluorine or both. LG116 is a glass without fluorine based 
on 4.5SiO2 3.0Al2O3 1.5P2O5 5.0CaO. The second glass is LG35, 
which is based on 2.0SiO2 1.0Al2O3 1.0CaO 1.0CaF2 which is without 
phosphorus.  The last glass is based on three components which is 
ART1 glass without fluorine and phosphorus (2.0SiO2 1.0Al2O3 
2.0CaO). The melting temperature for each glass is shown in Table 3.1 
and they were melted in platinum/rhodium crucible.  
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Table 3.1 The glass composition of Series A in mole percentage. 
Glass Code SiO2 Al2O3 P2O5 CaO CaF2 Melting temperature, °C 
LG116 32.1 21.4 10.7 35.7 - 1475 
LG35 40.0 20.0 - 20.0 20.0 1380 
ART1 40.0 20.0 - 40.0 - 1590 
 
ART1 and LG35 glasses are based on the same composition, 2.0SiO2 
1.0Al2O3 2.0-XCaO XCaF2, X=0 or 1. Previous studies [31, 48] showed that 
addition of fluorite decreases the Tg as fluorine acts as a disrupter by replacing 
the BO with non bridging fluorines. Thus, LG35 was found to have high 
reactivity towards acid attack. On the other hand, LG116 glass is chosen in 
order to compare the effect of phosphate in the glass composition.  
ii. Series B:  The glass compositions are based on 4.5SiO2. XAl2O3 
1.5P2O5. 4.5CaO. 0.5CaF2 where seven glasses with decreasing 
alumina content were synthesized (X= 3.0, 2.8, 2.6, 2.4, 2.25, 2.0 and 
1.5). These glasses were prepared by Mooney [49]. The melting 
temperature was 1350 to 1500°C in a mullite crucible. Table 3.2 shows 
the composition of the glass in mole percentage. 
 
    Table 3.2 The glass compositions for Series B in mole percentage. 
Glass Code SiO2 Al2O3 P2O5 CaO CaF2 
LG120 32.1 21.4 10.7 32.14 3.6 
LG157 32.6 20.3 10.9 32.6 3.6 
LG159 33.1 19.1 11.0 33.1 3.7 
LG160 33.6 17.9 11.2 33.6 3.7 
LG212 34.0 17.0 11.3 33.9 3.8 
LG213 34.6 15.4 11.5 34.6 3.9 
LG215 36.0 12.0 12.0 36.0 4.0 
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These glasses were designed in order to understand the influence of alumina in 
the glass structure. Alumina is an intermediate oxide and can influence the 
structure of the Si tetrahedral network of the glass. A previous study on these 
glasses [49] found that the Tg decreases with decreasing the alumina content. 
In this study, the decrease of alumina content will also change the mole 
percent of other glass compositions. It is difficult to keep the percentage of the 
rest of the compositions at constant value with the decrease of alumina 
content. This is because in this series, alumina is the only intermediate oxide 
present and thus it is impossible to substitute alumina for other glass 
components.    
 
iii. Series C:  Glasses of varying sodium oxide content substituted for 
calcium oxide were produced by de Barra [50] based on 4.5SiO2 
3.0Al2O3 1.5P2O5 (3.0-X)CaO 1.5CaF2 XNa2O where X= 0.0, 0.3, 0.6, 
0.9 and 1.2. The glasses were melted at 1350 to 1550 °C in mullite 
crucibles. 
 
   Table 3.3 The glass compositions for Series C in mole percentage. 
Glass Code SiO2 Al2O3 P2O5 CaO CaF2 Na2O 
LG3 33.3 22.2 11.1 22.2 11.1 0.0 
LG65 33.3 22.2 11.1 20.0 11.1 2.2 
LG66 33.3 22.2 11.1 17.8 11.1 4.4 
LG67 33.3 22.2 11.1 15.6 11.1 6.7 
LG68 33.3 22.2 11.1 13.3 11.1 8.9 
 
These glasses were designed in order to understand the effect of replacing 
CaO by Na2O. Sodium has been reported as a powerful disrupter of the glass 
network and decreases the Tg of the glass [50]. 
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iv. Series D: This series of glasses has been analysed previously by Hill et 
al.[43] by using MAS-NMR. These glasses are based on 4.5SiO2 
3.0Al2O3 XP2O5 3.0CaO/SrO 2.0CaF2/SrF2, X=1.5 and 0.75 where SrO 
and SrF2 are substituting CaO and CaF2. The glasses were melted at 
1420°C in platinum/rhodium crucibles. 
 
Table 3.4 The glass composition of Series D in mole percentage. 
 
Series D was designed to understand the effect of divalent cations, Ca2+ and 
Sr2+. The Ca:P ratio is 1.67 in all glasses except ART10 which has higher 
Ca:P. The Ca:P = 1.67 is the ratio for apatite, Ca5(PO4)3F, which is important 
for bone substitution application. ART10 has a lower phosphate content 
compared to the other glasses in this series. Therefore, the influence of the 
phosphate content can be studied. 
 
3.2 Cement Design 
 
The second part of this study focuses on the setting chemistry of the GPCs. The 
solid-state NMR spectroscopy is used to follow the setting reaction of the GPCs. 
The 29Si MAS-NMR can provide the information on the silicate network of the 
glass. Since the Al cations will be released from the glass network, the silicate 
network will also be affected during the setting reaction. The leaching of Al 
cations from the glass network and crosslinking with PAA chains will change the 
coordination number of Al from four to six. Thus, 27Al MAS-NMR is a very 
useful technique to follow the setting reaction of the GPCs. 31P and 19F MAS-
Glass Code SiO2 Al2O3 P2O5 CaO CaF2 SrO SrF2 
LG26 32.1 21.4 10.7 21.4 14.3 - - 
LG125 32.1 21.4 10.7 - 14.3 21.4 - 
LG26Sr 32.1 21.4 10.7 - - 21.4 14.3 
ART10 34.0 22.6 5.7 - - 22.6 15.1 
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NMR are also important to investigate because the glass for GPCs normally has 
significant amount of phosphate and fluoride.  
 
In order to fully understand the setting reaction of the GPCs, wide ranges of 
cements have been prepared from various glass compositions. Five series of GPCs 
including a new commercial GPC known as Carbomer® have been synthesised. 
The setting reaction is followed from the earliest to a long term time, from 
example, from 5 minutes to 1 year setting time. This is important to understand 
what is going on during the preparation of the cements and after the initial cement 
set. 
 
The five series of cements are: 
 
1. GPCs from Series A glasses (simple glass)  
 
Three aluminosilicate glasses which are ART1 (2.0SiO2 1.0Al2O3 2.0CaO, no 
P and F content), LG35 (2.0SiO2 1.0Al2O3 1.0CaO 1.0CaF2, with F) and 
LG116 (4.5SiO2 3.0Al2O3 1.5P2O5 5.0CaO, no fluoride) were used for cement 
formulation. A previous study reported that the presence of phosphorus 
increase the working and setting time whereas fluorine is known to facilitate 
the acid attack during the setting reaction [30, 51]. However, there is no clear 
mechanism explaining how phosphate controls the setting reaction. In this 
study, the effect of phosphorus and fluorine on the setting reaction of the 
cements will be followed. 
 
2.  GPCs from Series D glasses (Ca and Sr fluoro-aluminosilicate glass) 
 
LG26 glass which is Ca fluoro-aluminosilicate glass is a good experimental 
glass for dental application. It has high amount of fluorine and is reported to 
have a good working and setting time. The Ca:P is 1.67 which is important to 
enhance the formation of apatite. LG26 is also used in a bone cement 
formulation for otology application, known as Serenocem™ [52]. Currently, 
modern GPCs often substitute calcium for strontium to enhance the 
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radiopacity for medical and dental application which require glasses to be 
opaque to X-rays. Strontium is also found to reduce caries and enhance the 
remineralisation [53] and has a synergistic action with fluoride.  
 
The GPCs from Series D were synthesized and the setting reaction will be 
followed by MAS-NMR spectroscopy. The effect of different divalent cation, 
Ca2+ and Sr2+ in LG26, LG26Sr and LG125 glasses, as well as the effect of 
lower phosphate content in the ART10 glass will be studied. In order to fully 
understand the setting reaction of the cements, the weight ratio of glass 
powder to PAA powder was normalized to the LG26Sr glass to account for the 
differences in atomic weight of Sr and Ca. Therefore, the glass:PAA is fixed 
to the charge ratio of the cations present in the glass.  
 
The calculation is based on assumption that: 
 1) a simple acid base reaction occurs between the glass and the PAA 
 2) no preferential release of Al cations relative to Ca cations 
 3) complete neutralization occurred in the acid-base reaction  
 4) for simplification there was no five- or six-coordinated Al present in the 
glass    
 5) CaF2 is not involved in the acid-base reaction. 
6) Al(IV) from Al-O-PO33- are not involved in acid-base reaction 
 
 Example of the calculation is shown below: 
 
For LG26Sr cement with powder:liquid ratio 3:1, with glass to PAA is 2:1.  
LG26Sr composition:  4.5SiO2 3.0Al2O3  1.5P2O5  3.0SrO 2.0SrF2 
LG26Sr in molecular weight  = (4.5 x 60.1) + (3.0 x 101.9) + (1.5 x 142.0) 
+ (3.0 x 103.6) + (2 x 125.6) 
     = 1351.15 
Positive charges available for acid-base reaction in LG26Sr are: 
1.5 Al2O3 is charge balanced by 1.5  P2O5, therefore only 1.5 Al2O3 available 
for acid-base reaction = 1.5 x 2 (Al) x 3 (charge of Al3+) = 9 
 
 29
There are 3.0SrO available for acid-base reaction = 3.0 x 1 (Sr) x 2 (charge of 
Sr2+)     
  = 6 
 
Therefore, total cations available for acid-base reaction = 9 + 6 = 15 
PAA in molecular weight = 72 
Negative charge for PAA = 1 
 
The glass:PAA ratio is 2:1, therefore, 2 grams of glass for 1 gram of PAA in 
cement formulation. Therefore,   
Amount of positive charge from 2 grams glass is =  (15/1351.15) x 2 = 0.0222 
Amount of negative charge from 1 gram of PAA is= (1/72) x 1 = 0.0138 
 
The charge ratio for acid-base reaction is = 0.0138 / (0.0222 – 0.0138) = 1.67 
 
Therefore, all other glass will be normalised to have 1.67 charge ratios. This 
charge ratio can be used to compare the conversion of Al(IV) to Al(VI) in the 
setting reaction from the MAS-NMR spectroscopy data. The calculation for 
other glasses can be found in Appendix I. 
 
3. GPCs from LG68 glass (Series C) 
 
LG68 is a mixed Ca/Na fluoro-aluminosilicate glass. Commercial cements 
normally include sodium in the glass formulation. Sodium has been reported 
to disrupt the glass network and enhance fluoride release. Therefore, this 
experimental cement can give valuable information on the effect of sodium on 
the setting reaction of the GPCs. In addition, the charge ratio is fixed to 1.67 
as with GPCs from Ca/Sr glasses. This will give better understanding on the 
setting chemistry of the cements. 
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4.  Carbomer® 
 
Carbomer® is a new commercial GPCs in the market. It is a GPC filling and 
sealing material that is designed to remineralise in the mouth and is also 
optimised for heat curing using a high energy LED (halogen) lamp. The 
cement is claimed to contain nano-crystals of FAP, which act as nuclei for the 
remineralisation process. The glass is thought to have a much finer particle 
size compared to conventional GPCs [54].  
 
Addition of HAP and FAP are reported  to enhance the mechanical properties 
of the GPCs [55, 56]. However, how the FAP influences the mechanical 
properties is not fully understood. In the present study, the setting reaction of 
Carbomer® for fissure sealant applications will be followed from 5 minutes to 
10 months by using MAS-NMR spectroscopy. The data will be compared to 
the experimental GPCs in this study. 
 
Since Carbomer® is a commercial glass, the composition is unknown. 
Therefore, the X-ray fluorescence (XRF) analysis has been done by Ceram 
Research Limited, Stoke-on-Trent, England to estimate the amount of each 
element in the glass composition. Table 3.1 shows the glass composition of 
Carbomer® in mole percentage. 
 
Table 3.5 Carbomer® glass composition in mole percentage. 
 SiO2 Al2O3 P2O5 SrF2 CaF2 NaF ZnO BaO 
mole in % 54.6 20.0 3.2 11.9 4.1 5.4 0.7 0.2 
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4  Experimental Procedures 
 
4.1  Materials 
 
Some of the glasses were previously prepared by Professor Hill’s group at the 
University of Limerick and Imperial College London using the analytical grade 
reagents. In the case of insufficient amount of glasses for cement preparation, 
some of the glasses were remade. The glass consists of silica (SiO2), alumina 
(Al2O3), phosphorus pentoxide (P2O5), calcium carbonate (CaCO3), strontium 
carbonate (SrCO3), calcium fluoride (CaF2), strontium fluoride (SrF2) and sodium 
carbonate (NaCO3). 
 
The medical grade freeze-dried PAA (MW ∼ 80,000) was used for cement 
preparation and was supplied by Advance Healthcare, Kent, England. Carbomer®, 
commercial GPC was supplied by Dr Raimond van Duinen from Glass Carbomer 
Products, Leiden, Netherlands and the glass and fluoroapatite used for the 
commercial Carbomer® were obtained from Mr. Ade Akimade from First 
Scientific Dental GmbH, Germany. Ethanol was used to dehydrate the cement. 
Distilled water was used throughout the experiment and all other chemicals were 
of analytical grade. 
 
4.2  Experimental Procedures 
4.2.1  Glass Synthesis 
 
The glass powders were mixed in the required amounts and phosphorus pentoxide 
was always added last due to its very hydrophilic nature. The glasses were 
produced by melting the reagents in a platinum/rhodium or mullite crucible at 
high temperature for 2 hours. Then the resulting melts were rapidly poured into 
water to prevent phase separation and crystallization.  
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The frit was collected and dried overnight in an oven at 100°C. The glass frit 
produced was ground by using Gyro Mill (Glen Creston Gyro Mill, Middlesex, 
England) and sieved to a fine particle size of less than 45 μm for preparation of 
GPCs. 
 
4.2.2 Synthesis of Glass Polyalkenoate Cements 
 
GPCs were prepared by thoroughly mixing the glass powder (< 45 μm) with PAA 
and water. The powder to liquid ratio was fixed at 3:1.  For example, 2 grams of 
glass powder was mixed with 1 gram of PAA and 1 gram of water. For series D 
and LG68 cements (Sr/Ca and Ca/Na fluoro-aluminosilicate glass), the weight 
ratio of glass powder to PAA powder was normalized to the LG26Sr glass to 
account for the differences in atomic weight of Sr, Ca and Na as well as the 
basicity of the glass in the case of the ART10 glass..  The ratios of glass to PAA 
used for each glass are shown in Table 4.1. 
 
Table 4.1 Glass to PAA ratio of each glass and the setting times of the GPCs 
Glass Code Glass:PAA Setting time 
LG26Sr 2.00 2 minutes to 1 year 
LG125 1.86 2 minutes to 1 year 
ART10 1.42 2 minutes to 1 year 
LG26 1.65 5 minutes to 6 months 
LG68 1.77 5 minutes to 6 months 
ART1 2.00 5 minutes to 28 days 
LG116 2.00 5 minutes to 28 days 
LG35 2.00 5 minutes to 28 days 
Carbomer® as received 5 minutes to 10 months 
 
 To terminate the setting reaction for cements with setting times less than 1 hour, 
these were quenched into liquid nitrogen and then dehydrated with ethanol [7]. 
For cements with setting times greater than 1 hour, they were placed at 37 °C and 
were immersed and stored in water prior to termination of the reaction by the 
above method. This was done to prevent dehydration at longer setting times. The 
cements were then ground to fine powder for MAS-NMR spectroscopy. 
 
 33
4.2.3 MAS-NMR Spectroscopy  
 
The sample powders were packed in 4mm zirconia rotor and sealed with a Kel-F 
end cap. MAS-NMR analyses were conducted on 29Si, 31P, 19F nuclei at resonance 
frequencies of 39.77, 81.01 and 188.29 MHz, respectively, using an FT-NMR 
spectrometer (AM-200, Bruker,Germany). Spinning rates of the samples at the 
magic angle were 5 kHz for 29Si and 31P MAS-NMR and 10-12 kHz for 19F. 
Recycle times were 2s-10s for 29Si, 31P and 1s-120s for 19F MAS-NMR depending 
on the nature of the sample. 8000 scans were collected from glasses and 24000 
scans from cements for 29Si MAS-NMR. For 31P, 19F and 27Al MAS-NMR 1000 
scans were collected. Background subtraction was performed on the 19F MAS-
NMR spectra except for LG125, LG26Sr and ART10 cements. Reference 
materials for chemical shift (in ppm) were polydimethylsilane (PDMS) for 29Si, 
85% H3PO4 for 31P, and CaF2 for 19F. 
 
27Al MAS-NMR spectroscopy measurements were conducted at a resonance 
frequency of 156.3 MHz using a higher magnetic field (14.1T) on a Bruker FT-
NMR 600. The recycle time was 1.0 s and spinning rate of 10-15 kHz. The 27Al 
chemical shift scale was calibrated using 0 ppm value for 1 M AlCl3 solution. The 
27Al MAS-NMR and 27Al 3QMAS-NMR for selected glasses and cements were 
acquired on Bruker 800 (18.8T) at 208.40 MHz. The recycle time was 0.5-1s and 
the spinning rate was 20-25 kHz. The sample was packed in 2.5mm zirconia rotor 
and 1 M AlCl3 was used as reference material. Three-pulse sequence with the full 
echo acquisition supplied in the standard Bruker library (mp3q.av) was used for 
3QMAS-NMR experiments. These experiments were initially set up on alumina 
sample. 1200-3600 scans were collected within each of 30-60 experiments in the 
indirect dimension. Gaussian or exponential functions were applied in the f2 
dimension for the processing of the spectra. The axes were labelled in the 
universal scale [57]. The lines of the isotropic chemical shift and quadrupolar 
product were overlapped over the two-dimensional spectra. 
 
The deconvolution of the 27Al MAS-NMR spectrum was conducted using dmfit  
[58]  software. This was carried out using Cz and Gaussian models. 
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4.2.4 X-ray Diffraction 
 
XRD analysis was performed on Philips Powder Diffractometer with a copper (Cu 
Kα) X-ray source (Philips PW 1700 series diffractometer, Leiden, Netherlands). 
The powder samples (< 45 µm particle size) were scanned between 2θ = 10-80o 
with a step size of 2θ = 0.04. 
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5 Results and Discussion 
 
Part I. MAS-NMR Spectroscopy for Fluoro-aluminosilacate 
Glasses 
  
5.1  Series A: Simple Glasses 
 
These glasses were devised in order to gain basic knowledge of the glasses that 
are used in the preparation of GPCs. This is a series of glasses with simple 
compositions without phosphate or fluorine or both. The first glass, ART1 is 
based on three components without fluorine and phosphorus (2.0SiO2 1.0Al2O3 
2.0CaO). LG116 which is a glass without fluorine based on 4.5SiO2 3.0Al2O3 
1.5P2O5 5.0CaO. The last glass is LG35 which is based on 2.0SiO2 1.0Al2O3 
1.0CaO 1.0CaF2 with no phosphorus.  
 
5.1.1 XRD Analysis 
 
X-ray diffraction determines the crystal structure using X-rays. A glass has a 
random network and XRD shows the absence of long-range order and can be used 
to confirm the amorphous nature of the glass. The XRD patterns for ART1 
(2.0SiO2 1.0Al2O3 2.0CaO) and LG116 (4.5SiO2 3.0Al2O3 1.5P2O5 5.0CaO) show 
that the glasses are completely amorphous, except for the LG35 glass (2.0SiO2 
1.0Al2O3 1.0CaO 1.0CaF2) which shows a small amount of a crystalline phase 
(Figure 5.1). It is difficult to match the crystalline phase with any crystal from the 
Xpert software database because there are only few lines in the pattern, and it 
partially matches to the σ-alumina phase. However, it is worth pointing out that 
the alumina used in the original glass making is α-alumina. σ-alumina is a high 
pressure polymorph of alumina, so this does not seem very likely. A previous 
study [31] on the LG35 glass showed that the glass is amorphous, therefore it is 
suggested that the crystalline phase may be due to a crystalline phase that formed 
due to a reaction of the glass with atmospheric water. However, the glass is 
estimated to be about >95% amorphous.  
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 Figure 5.1. XRD patterns for ART1 glass (2.0SiO2 1.0Al2O3 2.0CaO)-top, 
LG116 glass (4.5SiO2 3.0Al2O3 1.5P2O5 5.0CaO)-middle, and LG35 glass 
(2.0SiO2 1.0Al2O3 1.0CaO 1.0CaF2)-bottom. 
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5.1.2 MAS-NMR of LG116 glass (4.5SiO2 3.0Al2O3 1.5P2O5 5.0CaO) 
a) 31P
b) 27Al
c) 29Si
 
Figure 5.2. MAS-NMR spectra of LG116 glass based on 4.5SiO2 3.0Al2O3 
1.5P2O5 5.0CaO where a) 31P, b) 27Al and c) 29Si MAS-NMR. 
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Figure 5.2 shows the MAS-NMR spectra for LG116 glass based on 4.5SiO2 
3.0Al2O3 1.5P2O5 5.0CaO. The 29Si MAS-NMR reveals a peak at -88.8 ppm, 
which suggests it has a mixture Q structures of Q4(3Al) and Q3(3Al). The 27Al 
MAS-NMR shows a peak at 53.0 ppm for Al(IV) and a shoulder at around 30.0 
ppm for Al(V). There is a possibility of small amount of Al(VI) at around 3-5 
ppm and  also a small peak at 16.0 ppm which is assigned to an “unknown 
species”. The deconvolution of the 27Al MAS-NMR spectrum shows that LG116 
has 86.1% of Al(IV), 10.5% of Al(V), and 1.2% and 2.2% of Al(VI) and 
“unknown species”, respectively (Table 5.1). The chemical shift for Al(IV) 
suggests the presence of Al-O-P linkages which make the chemical shift lower 
than for Al(IV) in aluminosilicate glasses without phosphate. In addition, the 31P 
MAS-NMR show a peak at -5.2 ppm which is assigned as Q1 pyrophosphate of 
Al-O-PO33-. 
 
Table 5.1 Percentage of detected Al species in the ART1, LG35 and LG116 
glasses. Fittings were preformed using dmfit fitting program (Cz model) [58] 
by taking into account the second order quadrupolar line broadening. 
 
Glass Al(IV) Al(V) Al(VI) Unknown 1 Unknown 2 
ART1 95.8 4.2 - - - 
Cq (MHz) 5.6 4.5 - - - 
δiso (ppm) 65.0 35.0 - - - 
LG35 73.1 9.1 1.1 11.8 4.9 
Cq (MHz) 5.6 4.5 3.0 g/l* g/l* 
δiso (ppm) 59.8 30.0 2.5 5.8 1.8 
LG116 86.1 10.5 1.2 - 2.2 
Cq (MHz) 5.6 4.5 2.2 - 3.0 
δiso (ppm) 57.8 35.0 1.0 - 16.0 
* g/l= Gaussian/Lorentzian is 0.5 
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5.1.3 MAS-NMR of LG35 glass (2.0SiO2 1.0Al2O3 1.0CaO 1.0CaF2) 
a) 19F
b) 27Al
c) 29Si
 
Figure 5.3. MAS-NMR spectra of LG35 glass based on 2.0SiO2 1.0Al2O3 
1.0CaO 1.0CaF2 where a) 19F, b) 27Al and c) 29Si MAS-NMR. 
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The 19F, 27Al and 29Si MAS-NMR spectra for LG35 are shown in Figure 
5.3(a,b,c). There is a broad peak at -87.5 ppm for 29Si MAS-NMR spectrum which 
is attributed to Q4(4Al) and Q4(3Al). The 27Al MAS-NMR shows a major peak at 
around 55.2 ppm which is attributed to Al(IV) sites and a small peak at 2.2 ppm 
for Al(VI) sites. There is also a shoulder between these two peaks at around 30.0 
ppm for Al(V). In addition, there is a sharp peak, which is assigned as “unknown 
species” at around 16.0 ppm. From the deconvolution, this peak consists of two 
“unknown species” at 16.0 and 13.9 ppm that is about 12% of total Al sites in this 
glass. These unknown sites may be due to the unidentified crystalline phase from 
the XRD pattern. The 19F MAS-NMR reveals there are two fluorine species 
present in this glass. The first peak at around -88.0 ppm may be attributed to F-
Ca(n) species and -144.0 ppm for Al-F-Ca(n). However, these chemical shifts are 
slightly lower than those found in the literature [48].  
 
 Although this glass does not have phosphorus, the chemical shift for 27Al MAS-
NMR is lower than for calcium aluminosilicate glasses without any Al-O-P 
linkages. This suggests that the presence of F- affects the Al tetrahedral 
environment by forming Al-F linkages. This agrees well with the formation of Al-
F-Ca(n) species in 19F MAS-NMR. 
 
5.1.4 MAS-NMR of ART1 glass (2.0SiO2 1.0Al2O3 2.0CaO) 
 
Figure 5.4 shows the 29Si and 27Al MAS-NMR spectra for ART1 glass. There is a 
broad peak at around 82.0 ppm for 29Si MAS-NMR which is assigned as Q3(3Al) 
structure. The 27Al MAS-NMR reveals that there are two sites of Al present in 
ART1 glass. The major peak at 60.5 ppm is attributed to Al(IV) sites and a 
shoulder at around 30.0 ppm is attributed to Al(V). The 27Al MAS-NMR spectrum 
shows there is no significant amount of Al(VI) sites in this glass. However, the 
27Al 3QMAS-NMR reveals there is a small amount of Al(VI) in the ART1 glass. 
The chemical shift of Al(IV) for this glass is higher compare to the other glasses 
because the Al tetrahedra can only be attached to Si whereas in other two glasses 
containing fluorine and phosphorus, the Al tetrahedra can be attached to F- and 
P5+ ions to form Al-F and Al-O-P linkages, respectively.  
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Figure 5.4. MAS-NMR spectra of ART1 glass based on 2.0SiO2 1.0Al2O3 
2.0CaO a) 27Al , b) 29Si MAS-NMR and c) 27Al 3QMAS-NMR. 
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In conclusion, the addition of phosphorus resulted in Al-O-P linkages and lowered 
the chemical shift of 27Al MAS-NMR of LG116 glass compared to ART1 glass 
with no phosphorus content.  It is believed that the presence of fluorine also 
affected the Al tetrahedral environment by forming Al-F linkages. 
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5.2 Series B: Varying Alumina Content Glasses (4.5SiO2 XAl2O3  
1.5P2O5  4.5CaO  0.5CaF2 , where X = 3.0 to 1.5).  
 
This series was designed in order to study the effect of alumina content in the 
glass composition. All glasses in this series are optically clear which indicates the 
glasses are probably amorphous.  
 
5.2.1  XRD pattern 
 
Figure 5.5 shows the XRD patterns for the glasses studied. The glasses with high 
alumina content from X=3.0 to X=2.25 have a broad pattern which indicates the 
amorphous phase of the glasses.  
 
However, decreasing the alumina content to X=2.0 and 1.5, the XRD patterns 
show several sharp lines which indicate that these glasses have crystalline phases. 
In LG215 glass (X=1.5), these lines match to FAP, (Figure 5.6) and not CaF2. 
According to random network theory by Zachariasen [17], the glass network is not 
periodic and the distortion of the bond angles gives a random network compared 
to its crystal structure. This will make the XRD pattern and NMR spectra of the 
glasses broader than the equivalent crystal structures. Furthermore, it is worth 
mentioning that all these glasses are optically clear and this suggests that the FAP 
crystal is in sub micron size range, well below the wavelength of visible light.   
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Figure 5.5. XRD patterns of alumina glasses of LG120, LG157, LG159, 
LG160, LG212, LG213 and LG215. The composition of the glasses is based 
on 4.5SiO2 XAl2O3  1.5P2O5  4.5CaO  0.5CaF2, where X = 3.0 to 1.5. 
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Fluoroapatite (00-015-0876)
 
Figure 5.6. XRD pattern for LG215 glass based on 4.5SiO2 XAl2O3 1.5P2O5  
4.5CaO  0.5CaF2 , where X=1.5. The crystalline phase matches FAP crystal 
phase (reference code: 00-015-0876). 
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5.2.2  29Si MAS-NMR Spectroscopy 
 
Figure 5.7 shows the 29Si MAS-NMR spectra of the glass compositions studied. A 
relatively sharp peak at about -83.0 ppm for LG120 (X=3.0) glass has shifted to a 
more negative chemical shift to -91.0 ppm was observed as the alumina content 
was decreased in the glass. The chemical shift for Si in a four coordinate state is 
between -60.0 and -120.0 ppm. Engelhardt et al. [21] described that the chemical 
shift of Si depends on both the number of BOs (m) per SiO4 unit and the number 
of aluminium (n) connected by oxygen with the SiO4 unit. When a structural unit 
of the aluminosilicate glass network is expressed as Si(OSi)m-n(OAl-)n(O-)4-m, 
(Qm(nAl), 4 ≥ m ≥ n ≥ 0), the chemical shift increases with decreasing m or 
increasing n.  
 
In this study, the movement of the chemical shift to more negative values with 
lower alumina content may be due to two reasons. Firstly, it could be due to a 
change in the Q structure of the glass from Q2 to Q3 and secondly, a decrease in 
the number of next nearest neighbour aluminium atoms around the Si tetrahedra. 
However, from the glass composition, with lower alumina content, there are more 
Ca cations available to form NBOs. This will lead to the formation of a glass with 
a higher NBO content and hence the Si network will have a lower Q structure and 
the chemical shift should be driven to a more positive value.  
 
Therefore, the second reason is a more likely explanation in this case that when 
the alumina content is decreased from X=3.0 to X=1.5, the Al:Si ratio decreases 
and there is less Al3+ in the glass. This will give a lower number of next 
neighbours of aluminium around the Si network and hence moves the chemical 
shift towards a more negative value. Therefore, this study suggests the Q structure 
of the glasses consists of a mixture of Q4(4Al) and Q3(3Al) to Q4(2Al) and 
Q3(3Al) as the alumina content is decreased. 
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Figure 5.7. 29Si MAS-NMR spectra of alumina glasses of LG120, LG157, 
LG159, LG160, LG212, LG213 and LG215. The composition of the glasses is 
based on 4.5SiO2 XAl2O3  1.5P2O5  4.5CaO  0.5CaF2 , where X=3.0 to 1.5. The 
chemical shift moves to a negative direction. The line is a guide to the eye 
only. 
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Figure 5.8 shows the relation between the alumina content in the glass with the 
29Si MAS-NMR chemical shift. The chemical shift of the 29Si MAS-NMR 
decreases with reducing the alumina content of the glass. 
 
 
Figure 5.8. The 29Si chemical shift for glasses with different alumina content 
based on 4.5SiO2 XAl2O3 1.5P2O5 4.5CaO 0.5CaF2, where X=3.0 to 1.5. The 
line is a guide to the eye only. 
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5.2.3  31P MAS-NMR Spectroscopy 
 
Figure 5.9. 31P MAS-NMR spectra of alumina glasses of LG120, LG157, 
LG159, LG160, LG212, LG213 and LG215. The composition of the glasses is 
based on 4.5SiO2 XAl2O3  1.5P2O5  4.5CaO  0.5CaF2, where X=3.0 to 1.5. 
There is a broad peak at ca. -3.0 ppm for Al-O-PO33- pyrophosphate 
environment, and an additional peak for three glasses at the top of the 
spectrum that is the orthophosphate environment. The line is a guide to the 
eye only. 
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Figure 5.9 shows the 31P MAS-NMR spectra for glasses with different alumina 
content. There is a well-defined peak at around –3.0 ppm for all glasses, which 
corresponds to Q1 pyrophosphate. Based on the previous studies [15], in 
phosphate containing aluminosilicate glasses, the phosphorus is most likely 
present as Al-O-PO33- (Q1) species. It is well known that in aluminosilicate 
glasses, the formation of Al-O-P bonds is favoured since four fold coordinated 
Al3+ is short of one unit of positive charge, whereas the P5+ has an excess of one 
unit of positive charge. Hence, the P5+ is used to locally charge compensate the 
deficient Al3+ ion in AlO4 tetrahedra [44]. This point will be discussed further in 
the 27Al MAS-NMR section.  From the glass composition, it suggests that the 
phosphorus exists as Al-O-P and the three oxygen ions attached to P ion will be 
charge balanced by Ca2+ as shown in Figure 5.10. 
 
                                        
Figure 5.10. The schematic of Q1 pyrophosphate structure with Ca2+ ions 
charge balancing the oxygen around phosphorus. 
 
By decreasing the alumina content to less than X=2.25, in the case of LG212 
(X=2.25), LG213 (X=2.0) and LG215 (X=1.5), another peak at 3.6 ppm can be 
observed. This peak is clear and sharp and it is attributed to a Q0 orthophosphate 
environment suggesting that these glasses may have undergone amorphous 
separation or crystallization to an orthophosphate type phase. This may be 
promoted by the lower alumina content and the presence of fluorine in the glass. 
By reducing the alumina content, there will be more Ca2+ available in the glass 
that is not used to charge balance the AlO4 tetrahedron. This will lead to a 
decrease in the polymerisation of the glass network and hence, more NBOs are 
formed. The formation of NBOs will lead to a more disrupted glass and an 
increased tendency towards amorphous separation and crystallization. This 
finding agrees with the XRD pattern of the glass, which shows a FAP crystalline 
phase in LG213 and LG215 glasses with alumina contents X=2.0 and 1.5. The 31P 
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MAS-NMR spectrum for LG212 glass (X=2.25) also shows a small shoulder, 
which is assigned as an orthophosphate environment. However, from the XRD 
pattern, there is no crystalline phase in this glass, which indicates that the crystal 
may be a nanometre-sized phase. This point will be discussed further in the 19F 
MAS-NMR section later.  
 
5.2.4  27Al MAS-NMR Spectroscopy 
 
The 27Al MAS-NMR spectra of the alumina glasses show a major peak at around 
52.0 to 55.0 ppm, which corresponds to Al(IV) sites (Figure 5.11). In a previous 
study [59], for glasses without phosphate the chemical shift was found at 60.0 
ppm that corresponds to Si-O-Al bonds. However, with the presence of 
phosphorus, this chemical shift moves slightly to the negative direction (towards 0 
ppm) due to the formation of Al-O-P bonds. As discussed before in the 31P MAS-
NMR, the formation of Al-O-P bond is due to the compensation of charge of the 
Al3+ in the tetrahedral network. The chemical shift of the Al in the Al-O-P bond is 
slightly lower than the Si-O-Al bond simply because the phosphorus is more 
electronegative that Si.  
 
From the glass composition, the Al:P ratio of the glasses decreases with the 
decrease of alumina content. Therefore, it is expected to see a movement of the 
chemical shift in the 27Al MAS-NMR to a more negative value due to an increase 
in the formation of Al-O-P bonds in the glass network. The chemical shift is 
moving to a slightly more negative value as expected with the increase of the Al-
O-P bonds in the glass network as shown in Figure 5.11. Figure 5.12 shows the 
change in the chemical shift of 27Al MAS-NMR spectra with decreasing the Al:P 
ratio in the glass. 
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Figure 5.11. 27Al MAS-NMR spectra of alumina glasses of LG120, LG157, 
LG159, LG160, LG212, LG213 and LG215. The composition of the glasses is 
based on 4.5SiO2 XAl2O3  1.5P2O5  4.5CaO  0.5CaF2 , where X = 3.0 to 1.5. 
The chemical shift moves slightly to more negative values. The major peak at 
around 54.0-55.0 ppm is Al(IV) and there is also a shoulder of Al(V) sites and 
a small peak at -2.0 ppm for Al(VI) sites. The line is a guide to the eye only. 
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The chemical shift of the 27Al MAS-NMR spectra move to a more negative value 
with lower Al:P ratio. However, for LG215 glass (X=1.5), the chemical shift of 
the 27Al moves to a more positive value (away from 0 ppm). This result can be 
explained by looking at the 31P MAS-NMR and the XRD pattern of the LG215 
glass. This glass contains an orthophosphate environment and the FAP crystal 
phase, which effectively removes the phosphorus from the glass network and 
phosphorus is no longer available to charge balance the Al cations. This leads to 
less Al-O-P bonds in the glass network, hence moves the chemical shift to a more 
positive value. 
 
 
Figure 5.12. The 27Al chemical shift of the glasses as the Al:P ratio was 
decreased.  
 
The 27Al 3QMAS-NMR spectrum for LG213 (X=2.25) confirms the presence of 
three different sites of Al which correspond to Al with IV, V and VI coordination 
numbers (Figure 5.13). There is a shoulder at the right hand side of the Al(IV) 
peak which corresponds to Al(V) sites and a small peak at around -2.0 to -3.0 ppm 
for Al(VI) sites.  
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 Figure 5.13. 27Al 3QMAS-NMR for LG213 glass (X=2.25). There are three 
different sites of Al which are Al(IV), Al(V) and Al(VI) sites in the glass. 
 
The deconvolution of the spectra are summarised in Table 5.2. All glasses consist 
about 94-96 % of Al(IV) sites, 3-5% of Al(V) and a very small amount of Al(VI). 
There is no linear correlation between the amounts of Al in each site with the 
alumina content in the glass.  There is a small amount of Al in higher coordination 
state in these glasses because of the presence of large amounts of oxides to charge 
balance the Al3+ in the Si tetrahedral network.  
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Table 5.2 Al coordination numbers and percentage of detected species in the 
alumina glasses based on 4.5SiO2 XAl2O3  1.5P2O5  4.5CaO  0.5CaF2, where X 
= 3.0 to 1.5. Fittings were preformed using dmfit fitting program (Cz model) 
by taking into account the second order quadrupolar line broadening. 
 Alumina content ,X Al(IV) Al(V) Al(VI) 
LG120  3.0 94.4 4.9 0.7 
 Cq (MHz) 5.6 3.4 3.0 
LG157 2.8 95.2 4.2 0.6 
 Cq (MHZ) 5.3 3.6 3.0 
LG159 2.6 95.5 4.1 0.4 
 Cq (MHz) 5.3 3.3 3.0 
LG160 2.4 95.5 3.6 0.9 
 Cq (MHz) 5.6 3.4 3.0 
LG212 2.25 95.4 3.2 1.4 
 Cq (MHz) 5.9 3.6 3.0 
LG213 2.0 95.2 3.8 1.0 
 Cq (MHz) 5.6 3.6 3.0 
LG215 1.5 95.3 3.1 1.6 
 Cq (MHz) 5.6 3.6 3.0 
 
5.2.5  19F MAS-NMR Spectroscopy 
 
The 19F MAS-NMR spectra for alumina glasses based on 4.5SiO2 XAl2O3 1.5P2O5 
4.5CaO 0.5CaF2 are shown in Figure 5.14. There is a clear change in the shape of 
the spectra with decreasing the alumina content, especially in LG213 (X=2.0) and 
LG215 (X=1.5).The first five members of the series that are LG120, LG157, 
LG159 as well as LG160 and LG212 showed two broad peaks at around –100.0 
and –150.0 ppm. The first peak which is more intense than the second probably 
corresponds to F-Ca(n), while the second peak can be attributed to Al-F-Ca(n).  
This result is similar to the finding by Zheng and Stebbins [60]  although in their 
study the proportion of Al-F-Ca(n) was much higher. This can be explained by 
considering of the composition of the glass in their study (2SiO2 Al2O3 0.5CaO 
0.5CaF2) in which the NBO contents are lower than the glasses studied here. In 
glasses with lower concentration of modifying cations, the Ca2+ ions are thought 
to be used primarily to charge balance the Al3+, and the presence of F- will form 
Al-F-Ca(n) sites in the glass. On the other hand, higher amounts of modifying 
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cations give more Ca2+ ions available and this will lead the F- to complexing the 
Ca2+ and forming F-Ca(n) species.  
 
In this series, as the alumina content is decreased, it is expected to see a change in 
the proportion of F-Ca(n) and Al-F-Ca(n) sites. The 19F MAS-NMR spectra 
showed that the proportions of Al-F-Ca(n) and F-Ca(n) remain approximately the 
same for the glass with alumina content X=3.0 to 2.25. However, the reduction in 
intensity of Al-F-Ca(n) is not very clear as expected, except for LG213 and 
LG215 glasses with X=2.0 and 1.5. By decreasing alumina content, less Ca2+ ions 
are needed to charge balance the Al tetrahedra and therefore more Ca2+ ions are 
available as a network modifier. This will lead to more disrupted glasses with 
higher concentrations of NBOs and F-Ca(n) species. This agrees with the previous 
study [49] where there is a decrease in the Tg observed as the alumina content is 
decreased (Figure 5.15).  
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Figure 5.14. 19F MAS-NMR spectra of alumina glasses of LG120, LG157, 
LG159, LG160, LG212, LG213 and LG215. The composition of the glasses is 
based on 4.5SiO2 XAl2O3  1.5P2O5  4.5CaO  0.5CaF2, where X=3.0 to 1.5. 
There are two peaks at -100.0 and -150.0 ppm which correspond to F-Ca(n) 
and Al-F-Ca(n) sites, respectively. The top two spectra show the F-Ca(n) 
peak become more sharp which indicates the presence of F-Ca(3) in FAP 
crystal phase. The lines are guide to the eye only. 
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Figure 5.15. Tg plotted against the alumina content of the glass [49]. The 
decrease in the alumina content reduces the Tg of the alumina glasses. The 
line is a guide to the eye only. 
 
In LG213 and LG215 with lower alumina content (X=2.0 and 1.5), the shape of 
the spectra are clearly changed. The peak at around –100.0 ppm becomes more 
intense and sharp whereas the intensity of the second peak decreases. This first 
peak corresponds to crystalline CaF2 or FAP, both crystals possess the F-Ca(n) 
species. However, from the XRD pattern of the LG215, it can be concluded that 
this peak corresponds to F-Ca(3) as the XRD pattern of LG215 glass detected 
peaks that approximately match to FAP, (Figure 5.2) and not CaF2.  
 
In conclusion, it is found that decreasing the amount of alumina in the glass 
composition changes the Q structure of the glass. Therefore, the number of 
neighbouring Al in SiO4 network decreases. It is suggested that there are more Ca 
cations available to form NBOs and F-Ca(n), which make the glass more 
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disrupted with a higher tendency towards amorphous separation and 
crystallization. The 31P and 19F MAS-NMR showed a significant peak of 
orthophosphate and FAP crystal, as a result of phase separation and crystallization 
in these glasses. The 27Al MAS-NMR data suggest decreasing the Al:P ratio of the 
glass increases the proportion of Al-O-P bonds in the glass. This series only has a 
small amount of Al(V) and Al(VI) because of the large amount of calcium oxide 
to charge balance the Al cations in Si tetrahedral network and most of F ions exist 
as F-Ca(n) rather than Al-F species.  
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5.3  Series C: Sodium Containing Glasses (4.5SiO2 3.0Al2O3 
1.5P2O5 (3-X)CaO 1.5CaF2  XNa2O, X=0.0, 0.3, 0.6, 0.9 and 
1.2)  
 
This series was formulated to understand the effect of sodium in the glass 
composition. Sodium is known to be a powerful network disrupter [50].  
Therefore, it would be expected to see changes in the structure of the glass. 
However, the content of the sodium could not be more than X≥1.2, as opaque 
glasses were obtained which means the glasses have phase separated or 
crystallised. All glasses prepared in this series were optically clear which indicates 
the glasses are probably amorphous.  
 
5.3.1  XRD Pattern 
 
The XRD patterns for the sodium glasses based on 4.5SiO2 3.0Al2O3 1.5P2O5 
(3.0-X)CaO 1.5CaF2  XNa2O, where X=0.0 to 1.2 are shown in Figure 5.16. All 
glasses show broad halo which indicate the amorphous phase of the glasses. 
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Figure 5.16. XRD patterns of sodium glasses of LG3, LG65, LG66, LG67 and 
LG68. The composition of the glasses is based on 4.5SiO2 3.0Al2O3 1.5P2O5 
(3.0-X)CaO 1.5CaF2  XNa2O, where X=0.0 to 1.2. 
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5.3.2  29Si MAS-NMR Spectroscopy 
 
Figure 5.17 shows the 29Si MAS-NMR spectra of the glass compositions studied. 
A relatively sharp peak at about -87.0 to -88.0 ppm was observed in all glasses in 
this series. As mentioned in the previous discussion on the alumina glass series, 
the chemical shift of 29Si can be expressed as Qm(nAl) structure. From the 
chemical shift it is suggested that all glasses have a predominant Q4(3Al) and 
Q4(4Al) structures, which means there are no NBOs on the SiO4 tetrahedra. This 
data agrees with the composition of these glasses which have lower amount of 
modifying oxides, CaO and Na2O, compared to the alumina series. In this series, 
the Ca and Na ions were used to charge balance the Al and P cations. This 
statement will be discussed in detail in the 19F and 31P sections. 
 
Furthermore, the chemical shift remains constant for all the glasses on increasing 
the sodium content. This indicates that these glasses not only have the same Q 
structure, but the Si network is not affected by the presence of sodium. In 
addition, as mentioned above, this could be because Na+ cations are being used to 
charge balance the Al3+ and P5+. Therefore, there is not enough Na+ to form NBO 
in the SiO4 tetrahedra network. 
 
 63
 
Figure 5.17. 29Si MAS-NMR spectra of sodium glasses of LG3, LG65, LG66, 
LG67 and LG68. The composition of the glasses is based on 4.5SiO2 3.0Al2O3  
1.5P2O5 (3.0-X)CaO 1.5CaF2 XNa2O, where X=0 to 1.2. All glasses 
demonstrate the same chemical shift at around -87.0 to -88.0 ppm. The line is 
a guide to the eye only. 
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Nevertheless, the thermal analysis from the previous study [50] on these glasses 
showed that the Tg reduced from 646 to 550°C as the sodium was increased from 
0 to 1.2. According to their paper [50], the reduction in the Tg is due to the 
addition of sodium which disrupts the glass network more effectively than 
calcium. They explained that the influence of sodium oxide in these glasses is due 
to sodium cations forming NBOs by replacing the Ca cations in the Si tetrahedra. 
Figure 5.18 represents the glass structure when Ca and Na form the NBOs. The 
modifying cations disrupt the glass network and forming NBOs by breaking the 
oxygen link between the two adjacent Si tetrahedra. In the presence of divalent 
modifying cations such as Ca2+, one cation is sufficient for charge neutrality for 
each pair on NBO. The presence of Ca2+ in between these NBOs creates ionic 
bridges. On the other hand, for monovalent cations such as Na+, two Na+ are 
required to form NBOs on the Si tetrahedra and results in the loss of these ionic 
bridges. This will lead to a more disrupted glass and a lower Tg.   
 
Figure 5.18. The schematic of Si tetrahedral network with a) Ca cation   and 
b) Na cations as modifying oxides and form NBOs in the Si tetrahedral 
network. 
 
However, the 29Si MAS-NMR data reveal that the Si tetrahedral network has not 
changed with the sodium content and the glass composition also suggests that 
there are not enough cations to form NBO. Therefore, the above explanation on 
how the sodium disrupts the glass network is not appropriate for these glasses. 
This issue can be explained by looking to the 31P and 19F MAS-NMR data in the 
next sections. 
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5.3.3   31P MAS-NMR Spectroscopy 
 
 
Figure 5.19. 31P MAS-NMR spectra of sodium glasses of LG3, LG65, LG66, 
LG67 and LG68. The composition of the glasses is based on 4.5SiO2 3.0Al2O3  
1.5P2O5  (3.0-X)CaO  1.5CaF2 XNa2O, where X = 0.0 to 1.2) . The chemical 
shift moves from -8.7 to -6.8 ppm to a more positive value as the amount of 
sodium in the glass is increased. The arrow (→) indicates an orthophosphate 
species and the line is a guide to the eye only. 
 
 
 66
The 31P MAS-NMR spectra for sodium containing glasses are shown in Figure 
5.19. There is a single peak for all the glasses at –8.7 ppm for LG3 (Na2O = 0.0) 
and this peak shifts towards less negative values at -7.8 and –7.5 ppm for LG65 
(Na2O=0.3) and LG66 (Na2O=0.6), and –7.1 and –6.8 ppm for LG67 (Na2O=0.9) 
and LG68 (Na2O=1.2), respectively. This peak is in the pyrophosphate Q1 region 
(-4.0 to –20.0 ppm [43]) where Al ions most likely form Al-O-P linkages and thus 
it can be assumed Al-O-PO33- (Q1) species are present. The 31P chemical shift for 
the Q1 structure in Na pyrophosphate glasses was reported previously to be around 
6.0 to -6.0 ppm [44].  
 
 
Figure 5.20. Variation of 31P MAS-NMR chemical shifts for mixed Na/Ca 
glasses. The chemical shift moves to more positive values on increasing the 
Na2O content. The line is a guide to the eye only. 
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The chemical shift of 31P MAS-NMR in a pyrophosphate type environment is 
sensitive to the Na2O/(CaO + Na2O) ratio. This result shows that increasing the 
sodium content moves the peak to a less negative chemical shift (Figure 5.20). 
This may indicate that sodium does charge balance NBOs on phosphorus. 
However, in previous study by Stamboulis et al. [45] there was no evidence of the 
31P spectra being influenced by soda content. This could be due to the presence of 
strontium and changes in phosphorus content in their glass compositions. From 
their 27Al and 31P spectra, they deduced that the phosphorus environment changes 
with the phosphorus content and not because of the soda content.                                                        
 
Another study by Toplis and Schaller [61] reported that in aluminosilicate glass 
system based on xNa2O (1-x)Al2O3 2SiO2 yP2O5, the PO43- are attached to the 
aluminosilicate framework through replacement of Na by tetrahedral aluminium 
charge balanced by sodium. This agrees with the present study where the 
movement of the 31P MAS-NMR chemical shift to a less negative value on 
increasing the sodium content may be due to the present of Al-O-PO33- with Na 
charge balancing the phosphate environment. 
 
Lockyer et al. [62] who studied soda lime phosphosilicate glasses explained the 
decrease in the orthophosphate shift is due to the slight difference in the 
electronegativities between Na+ and Ca2+, 0.9 and 1.0, respectively. Therefore, the 
substitution of Na+ for Ca2+ would result in a displacement of charge from oxygen 
and hence from the P-O bond. Consequently, the electronic shielding of the 
phosphorus decreased resulting in a more positive chemical shift. They also 
reported that the phosphorus is closely associated with the sodium ions, removing 
the sodium ions from their network-modifying role in the silicate network. This 
statement agrees with the 29Si MAS-NMR spectra of the present study where the 
Si tetrahedra network is not influenced by the sodium content of the glass. In 
addition, 31P MAS-NMR data proves that Na cations actually charge balance the 
phosphate environment. Consequently, Na cations disrupt the phosphate 
environment and reduce the Tg of the glasses. 
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Figure 5.21. The schematic of Q1 pyrophosphate structure with Ca and Na 
cations charge balancing the oxygens in phosphate tetrahedron. 
 
Although the chemical shift of 31P MAS-NMR moves to a more positive value, 
the shift is just 2.0 ppm and it is proposed that this could be due to a presence of 
mixed sites of Ca and Na charge balancing cations around the phosphate 
tetrahedra. The width of the peak is broader with increasing of sodium content, 
which suggests that the glasses may have a mixture of Ca and Na pyrophosphate 
environments as shown in Figure 5.21. This present data agrees well with the 
studies by O’Donnell et al. [63]. Their 31P MAS-NMR of soda lime 
phosphosilicate glasses show broader peaks, which possibly correspond to a 
mixed calcium-sodium orthophosphate phase. A similar result has been reported 
by Grussaute et al. [64] where there was a linear dependence of  31P MAS-NMR 
with the CaO/CaO + Na2O. They also found that the Na and Ca cations randomly 
charge balance the phosphate environment. 
 
In this study, it is also suggested that the reason why not all Na charge balances 
the pyrophosphate is because Na ions are preferentially associated with Al-F sites. 
This result can be confirmed by looking at the 19F MAS-NMR in the next section.  
 
Furthermore, a small shoulder was found at 3.0 ppm in LG66 (Na2O=0.6) and 5.0 
ppm in LG68 (Na2O=1.2) which could correspond to the Q0 orthophosphate 
environment. These glasses may have undergone amorphous separation or 
crystallization to an orthophosphate type phase. The presence of relatively mobile 
Na cations as a modifying species will lead to a more disrupted environment in 
the phosphate tetrahedra. Hence, increase the possibility of phase separation or 
crystallization. Although the amount of orthophosphate is small, the movement of 
the 31P MAS-NMR chemical shift suggests that the orthophosphate environment 
can also be affected by the Na2O/ (CaO + Na2O) ratio. Grussaute et al. [64] found 
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that the 31P MAS-NMR orthophosphate chemical shifts are linear with the 
CaO/CaO + Na2O ratio. From the chemical shift of this orthophosphate, it is 
suggested that LG68 (Na2O=1.2) has a Q0 mixed Ca/Na orthophosphate and this 
may be a precursor for apatite formation.  
 
5.3.4  27Al MAS-NMR Spectroscopy 
 
The 27Al MAS-NMR spectra of sodium containing glasses show a major peak at 
around 52.0 to 53.0 ppm that is attributed to an Al(IV) site (Figure 5.22). The 
chemical shift is below 60.0 ppm suggesting the presence of Al-O-P species. The 
introduction of sodium in the glass composition does not change the 27Al chemical 
shift simply because it is influenced more by the Al:P and the Al:Si ratios, rather 
than by sodium. In this series, the Al:P and Al:Si ratios remain the same for all the 
glasses. Furthermore, it is suggested that the 27Al MAS-NMR chemical shift will 
not vary if the Al ions are being charge balanced either by Na or Ca cations.  
 
There is a shoulder on the right side of the Al(IV) peak and a small peak at around 
-5.0 ppm which is attributed to the Al at higher coordination states. The shoulder 
at around 25.0 to 30.0 ppm is the Al(V) site, and the small peak belongs to the 
Al(VI) site. This statement can be confirmed by looking at the 3QMAS-NMR for 
the LG68 (Na2O=1.2). Figure 5.23 shows the 27Al 3QMAS-NMR for LG68 
(Na2O=1.2), which reveals there are three sites for Al in the glass. 
 
In order to determine the amount of each Al site, the deconvolution of the spectra 
has been performed using the dmfit software (Cz model) [58]. Table 5.3 
summarises the Al percentage for these sodium glasses. All glasses consist about 
92-93% of Al(IV) sites, 3-6% of Al(V) and 1-3% of Al(VI) sites. There is no clear 
linear correlation between the amounts of Al in higher coordination in each site 
with the sodium content in the glass. The formation of Al in the higher 
coordination states may be due to the small amount of cations available to keep 
the Al in the tetrahedral Si network.  
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Figure 5.22. 27Al MAS-NMR spectra of sodium glasses based on 4.5SiO2 
3.0Al2O3  1.5P2O5  (3.0-X)CaO  1.5CaF2 XNa2O, where X=0.0 to 1.2. The 
chemical shift remains the same for all the glasses. The major peak at around 
52.0-53.0 ppm is Al(IV) and there is also a shoulder for Al(V) sites and a 
small peak at -2.0 ppm for Al(VI) sites. The line is a guide to the eye only. 
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Figure 5.23. 27Al 3QMAS-NMR for LG68 (Na2O=1.2). There are three sites 
of Al present in this glass. 
 
Table 5.3. Al coordination numbers and percentage of the detected species in 
the sodium glasses based on 4.5SiO2 3.0Al2O3 1.5P2O5 (3.0-X)CaO 1.5CaF2 
XNa2O, where X=0.0 to 1.2. Fittings were performed using dmfit fitting 
program (Cz model) [58] by taking into account the second order 
quadrupolar line broadening. 
 Sodium content, 
X 
Al(IV) Al(V) Al(VI) 
LG3 0.0 93.5 5.0 1.5 
 Cq (MHz) 5.4 3.7 3.0 
LG65 0.3 92.1 6.4 1.5 
 Cq (MHz) 5.2 3.6 3.0 
LG66 0.6 92.0 5.7 2.3 
 Cq (MHz) 5.2 3.7 3.0 
LG67 0.9 92.4 5.0 2.6 
 Cq (MHz) 5.2 3.5 3.0 
LG68 1.2 93.5 3.5 3.0 
 Cq (MHz) 5.1 3.6 3.0 
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5.3.5  19F MAS-NMR Spectroscopy 
 
Figure 5.24. 19F MAS-NMR spectra of sodium glasses of LG3, LG65, LG66, 
LG67 and LG68. The glass compositions are based on 4.5SiO2 3.0Al2O3  
1.5P2O5  (3.0-X)CaO  1.5CaF2 XNa2O , where X=0.0 to 1.2. There are two 
major peaks at -100.0 and -150.0 ppm corresponding to F-Ca(n) and Al-F-
Ca(n). As the amount of sodium in the glass is increased, another two peaks 
appear at around -132.0 ppm which correspond to a mixed site of F-Ca/Na 
and at -186.0 ppm for Al-F-Na(n) site. The spinning sidebands are indicated 
by (*) and the lines are a guide to the eye only. 
 
 73
 
Figure 5.24 shows the 19F MAS-NMR spectra of the sodium glasses at 10 s 
recycle time. For this series, when shorter recycle times were applied, there was 
no significant peak at -132.0 ppm. Furthermore, at a recycle time of 1 s, the 
proportion of the peak at -100.0 ppm was higher compared to the second peak at -
150.0 ppm. However, from the glass composition, it is known that these glasses 
have not enough Ca cations to form NBO on the Si network, and the Ca ions are 
used to charge balance the AlO-4 tetrahedra. Hence, the presence of F- will form 
the Al-F-Ca(n) sites in the glass. Therefore, it is suggested that the proportion of 
F-Ca(n) sites should be less than the Al-F-Ca(n) sites in this series. 
 
The 19F MAS-NMR spectra show significant changes with increasing the recycle 
time of the experiment to 10 s. The proportion of F-Ca(n) becomes less than Al-F-
Ca(n). This results are in good agreements with the findings by Zheng and 
Stebbins [60] who investigated the fluorine sites in aluminosilicate glasses based 
on 2SiO2 Al2O3 0.5CaO 0.5CaF2, which means the glass is low in NBOs.  
 
These results show that by using different recycle times, the shape of the spectra 
changes. The reason why the Al-F-Ca(n) sites are more intense at longer recycle 
time may be due to the spin-lattice relaxation time of Al-F-Ca(n) species being 
longer than F-Ca(n) species. Figure 5.25 shows the spectra of the LG68 glass run 
at different recycle times. The difference in the spin-lattice relaxation time for 
these two species, Al-F-Ca(n) and F-Ca(n), may be due to the mobility of these 
species in the glass. It is known that Al-F-Ca(n) is bound to the AlO4 tetrahedra 
network, whereas F-Ca(n)  is not linked to the Si or Al tetrahedra network, which 
makes the F-Ca(n) more mobile compared to the Al-F-Ca(n) species. 
 74
 
Figure 5.25. 19F MAS-NMR for LG68 (Na2O=1.2) at recycle times 1 and 10 s. 
The intensities of the peaks at -100.0 and -150.0 ppm change as the recycle 
time of the experiment is increased. 
 
The peak at –185.0 ppm becomes more apparent on increasing the sodium content 
from 0.6 to 1.2 in LG66, LG67 and LG68. This peak is attributed to the Al-F-
Na(n) site. There is also a small peak at around –221.0 ppm in LG67 and LG68 
that may correspond to the F-Na(n) site. However, this F-Na(n) peak is very small 
and may be on top of the spinning sideband as the same peak is found in the LG3 
(the sodium free glass). Therefore, it is suggested that the peak at –221.0 ppm 
actually corresponds to a spinning sideband.  According to Stebbins and Zheng 
[65], in mixed glasses there will be a competition between Na+ and Ca2+ ions for 
fluorine. Due to the ionic field strength value of Na+ = 1.11 and Ca2+ = 2.04 [16], 
it is likely that there is a preference for F-Ca(n) over F-Na(n).  
 
The fact that there is an Al-F-Na(n) site in this series agrees well with the 31P 
MAS-NMR. The 31P MAS-NMR found that the chemical shift of the 
pyrophosphate does not move as much as expected with an increase in sodium 
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content of the glass. Combined with the 19F MAS-NMR, it is suggested that Na 
cations are not only charge balancing the pyrophosphate species but are also 
preferentially forming Al-F-Na(n) sites. The formation of Al-F-Na(n) suggests 
that Na cations are charge balancing the AlO4 tetrahedra.  
 
A study by Caurant et al. [66] found that the Al tetrahedra are preferentially 
charge balanced by alkali cations, rather than alkaline-earth cations. In their study, 
they found that the Na cation preferentially charge balances the AlO4 tetrahedra. 
They explained that Na2O is more basic than CaO, thus the oxygen anion of Na2O 
donates a pair of electrons more easily to stronger positive cations such as B3+ and 
Al3+, in comparison with CaO. Thus, in a melt or in the undercooled melt during 
quenching, Na2O would react more easily than CaO with Al2O3. However, these 
glasses are based on aluminoborosilicate with lower amounts of alumina (3.05 
mol %) and Na2O ≥ CaO. 
 
In comparison, the present study is based on aluminosilicate glasses with higher 
amounts of alumina (22.2 mol %) and Na2O < CaO. Therefore, to maintain the 
entire Al in the tetrahedra network, it should be charge balanced by Ca2+ and Na+. 
However, the increases of the Al-F-Na(n) intensity with the sodium content may 
suggest that there is a possibility of Al-F sites  charge balanced preferentially by 
Na cation. However, this statement needs to be investigated further in a future 
study. A previous study by Stamboulis et al. [12] on the commercial GPCs 
showed similar results, where the Al-F-Na(n) species are formed in the glasses 
with high sodium content. 
 
Furthermore, an additional peak occurs in LG67 (Na2O=0.9) and LG68 
(Na2O=1.2) at –132.0 ppm. In this study, there are two possibilities. First, by 
increasing the amount of sodium to more than 0.2 in the glass compositions, there 
is a possibility for fluorine to form Si-F-Ca (n) site. Secondly, as this peak occurs 
in between of F-Ca(n) and F-Na(n) chemical shift, there is possibility of  a mixed 
site of F-Ca/Na in the glass. 
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Kiczenski and Stebbins [42] reported that this peak at -132.0 ppm corresponds to 
the Si-F-Ca(n) site. However, the 29Si MAS-NMR data showed that the chemical 
shift remains the same with the sodium content in the glass. This suggests that 
there is no Si-F-Ca(n) site in this glass. If there is a Si-F-Ca(n) site, the 29Si MAS-
NMR chemical shift would be expected to move to a less negative value (towards 
0 ppm). The present results are in a good agreement with the previous study by 
Hayashi et al. [67] who investigated the effect of fluorine addition on the network 
connectivity of the glasses in the system SiO2-CaO-CaF2 using X-ray 
photoelectron spectroscopy (XPS). They reported that fluorine does not 
depolymerise the silicate network, but coordinates with Ca2+ forming a “CaF+” 
species.  
 
Table 5.4. Chemical shift values for mixed calcium sodium fluorine species.    
( *) calculated by linear extrapolation. 
Species Chemical shift, ppm 
F-Ca(4) -108 [68] 
F-Ca(3)Na(1) -137 (calculated)* 
F-Ca(2)Na(2) -166 (calculated)* 
F-Ca(3)Na(3) -194 (calculated)* 
F-Na(6) -223 [42] 
 
Therefore, it is suggested that the glass has a mixed sites of F-Ca/Na(n). Table 5.4 
shows the calculation of the chemical shift for the mixed calcium sodium fluoride 
species. From the 19F MAS-NMR data, it is found that the peak at -132.0 ppm is 
most probably attributed to F-Ca(3)/Na(1). Similar results have been reported by 
Brauer et al. in 2008 [69], where they found there is a mixed Ca/Na fluorine 
species in their fluoride-containing bioactive glasses.   
 
To confirm the possibility of a mixed Ca/Na fluorine species in this glass, a 
deconvolution of the LG68 glass (X=1.2) was performed. The fitting of 19F MAS-
NMR spectrum for the LG68 glass is shown in Figure 5.26 and Table 5.5 
summarises the percentage of each fluorine species for this sodium glass. 
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Figure 5.26. The experimental and the deconvoluted spectra of the LG68 
glass (Na2O = 1.2). Peak labels correspond to the assignments given in Table 
5.4. Fittings were performed using dmfit fitting program Gaussian model 
[58]. Peak (*) is a spinning sideband.  
 
 
Table 5.5. The chemical shift of 19F MAS-NMR and relative percentage of the 
detected fluorine species in LG68 glass (Na2O=1.2).  
Peak Species Chemical shift, ppm Percentage 
1 F-Ca(n) -97.7 44.9 
2 F-Ca(3)Na(1) -130.2 7.6 
3 Al-F-Ca(n) -158.3 37.8 
4 Al-F-Na(n) -189.0 9.6 
 
It is worth noting that based on the glass composition (4.5SiO2 3.0Al2O3 1.5P2O5  
(3.0-X)CaO  1.5CaF2 XNa2O, where X=0.0 to 1.2) this series has lower amount of 
modifier oxides to provide cations in these glasses, in comparison to the glasses 
from Series B (alumina glasses).These cations are important to charge balance the 
Al3+ and P5+ in the tetrahedral network. Despite the possibility of these glasses 
undergoing phase separation or crystallization, the MAS-NMR data show that 
only the highest sodium containing glass, LG68 (X=1.2), has a small amount of 
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phase separation. Thus, it is believed that the presence of CaF2 not only forms 
fluorine complexing with calcium, but is also being used to charge balance and 
create non bridging fluorine on Al tetrahedra (AlF-).  This is in a good agreement 
with the 19F MAS-NMR spectra which show a presence of Al-F-Ca(n) species in 
these sodium glasses. 
 
In conclusion, the MAS-NMR studies on these sodium glasses revealed that the 
reduction of the Tg as reported in a previous study [50] is due to the ability of Na 
cations to disrupt the phosphate and fluorine environments due to the existence of 
mixed Ca/Na sites from 31P and 19F MAS-NMR. However, it is proposed that the 
Na cations are not disrupting the Si network as suggested earlier. According to the 
present findings, the 29Si MAS-NMR shows no evidence of Na forming NBOs on 
the Si network. 
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5.4 Series D: Ca/Sr glasses (4.5SiO2 3.0Al2O3 XP2O5  3.0CaO/SrO 
2.0CaF2/SrF2, X=1.5 and 0.75 ) 
 
These glasses were designed in order to gain the basic knowledge of the glasses 
that are used in the preparation of GPCs. The composition of these glasses are 
based on a calcium fluoro-aluminosilicate glass where Ca was substituted for Sr. 
Three glasses have been prepared which are, LG26 glass based on 4.5SiO2 
3.0Al2O3 1.5P2O5 3.0CaO 2.0CaF2, a mixed Ca/Sr compositions in LG125 glass 
based on 4.5SiO2 3.0Al2O3 1.5P2O5 3.0SrO 2.0CaF2 and Sr substituting Ca glass 
in LG26Sr based on 4.5SiO2 3.0Al2O3 1.5P2O5 3.0SrO 2.0SrF2. Another Sr glass 
with a lower phosphate content ART10 based on 4.5SiO2 3.0Al2O3 0.75P2O5 
3.0SrO 2.0SrF2 was synthesised. Therefore, it is expected to observe the influence 
of Sr and phosphate on the glass structure, as well as in the setting behaviour of 
the GPCs in the next section. All glasses are optically clear which indicate the 
glasses are probably amorphous.  
 
5.4.1  XRD Pattern 
 
The XRD patterns for the studied glasses are shown in Figure 5.27. All glasses 
have broad halo, which indicate the amorphous nature of the glasses. 
Theoretically, it is assumed that the glass network will be enlarged when the Sr 
substitutes for Ca. This is because Sr2+ has a larger ionic size compares to Ca2+, 
and will lead to an expansion of the glass network. However, from the XRD 
patterns for all glasses, there is no significant change in the 2θ value of the 
maximum. This study suggests that Sr may not affect the Si network in the glass. 
This argument will be explained further in the next section.  
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Figure 5.27. XRD patterns of LG26 (fully Ca glass), LG125 (mixed Ca/Sr 
glass), LG26Sr (fully Sr glass) and ART10 (fully Sr glass with low 
phosphate).  
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5.4.2 29Si MAS-NMR Spectroscopy 
 
Figure 5.28 (a and b) shows the 29Si MAS-NMR spectra of the glasses studied. 
There is a single broad peak at about -88.9 ppm in the LG26 glass (4.5SiO2 
3.0Al2O3 1.5P2O5  3.0CaO 2.0CaF2) which moves towards slightly more positive 
values as Sr cations in the glass (Figure 5.28a) are introduced. The chemical shift 
for LG125, which is a mixed Ca/Sr glass (4.5SiO2 3.0Al2O3 1.5P2O5  3.0SrO 
2.0CaF2) and LG26Sr which is Sr fully substituting the Ca (4.5SiO2 3.0Al2O3 
1.5P2O5  3.0SrO 2.0SrF2), are at -86.5  and -86.0 ppm, respectively. This suggests 
that these glasses have a mixture of Q4(4Al) and Q3(3Al). The chemical shifts for 
LG125 and LG26Sr reveal that the Q structure of the glass is independent of the 
Sr content. Moreover, this result is similar to a previous study by Hill et al.  [43] 
on the same glasses where the Q structure is not affected by the Sr content, since 
the spectra of the strontium-substituted glasses are identical to the LG26 
composition. However, the present result shows there is a slight difference in the 
chemical shift of LG26 (fully Ca glass). This slight difference can be explained by 
looking at the 31P and 19F MAS-NMR of the glasses in the next section.  
 
Figure 5.28b shows 29Si MAS-NMR spectra of the Sr glasses with different 
phosphate content. The chemical shift moves to more positive values with 
decreasing the phosphate content. The chemical shift for Sr glass with a low 
phosphate content, ART10, is at -84.9 ppm. This could be due to the increase in 
Si:P ratio in ART10, which is 6.0, compared to 3.0 for LG26Sr. Stamboulis et al. 
[45] studied the effect of phosphorus content and found that the chemical shift 
moved to more negative values with higher phosphorus content and suggested that 
small changes occur in the structure around the Si atoms with increasing 
phosphorus content in the glass. Kirkpatrick and Brow [44] suggested that P has 
the ability to scavenge charge balancing modifier cations from the silicate 
network, and hence increasing its polymerization. This suggests that the ART10 
glass has a similar Q structure to those glasses which is Q4(4Al) and Q3(3Al) but 
with a higher proportion of Q4(4Al). 
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Figure 5.28. 29Si MAS-NMR spectra of a) strontium substituted Ca glasses of 
LG26, LG125, LG26Sr and b) Sr glasses with different phosphate content, 
LG26Sr and ART10. The composition of the glasses is based on 4.5SiO2 
3.0Al2O3 XP2O5 3.0CaO/SrO 2.0CaF2/SrF2, X=1.5 and 0.75. All glasses consist 
of one peak at around -88.0 ppm and moves to a more positive value as Sr in 
the glass compositions is introduced. The lines are guide to the eye only. 
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5.4.3  31P MAS-NMR Spectroscopy 
 
Figure 5.29. 31P MAS-NMR spectra of a) strontium substituted Ca glasses of 
LG26, LG125, LG26Sr and b) Sr glasses with different phosphate content, 
LG26Sr and ART10. The composition of the glasses is based on 4.5SiO2 
3.0Al2O3 1.5P2O5 (3.0-X)CaO  (2.0-Y)CaF2 XSrO YSrF2, where X=0.0 and 3.0, 
and Y=0.0 and 2.0. All glasses consist of one peak at around -8.0 to -3.5 ppm. 
The arrow (→) indicates an orthophosphate species and the lines are guide to 
the eye only. 
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The 31P MAS-NMR spectra of the glasses are shown in Figure 5.29 (a and b). The 
chemical shift of the Sr substituted glasses, LG125 and LG26Sr moves slightly to 
more positive values from -8.0 ppm in LG26 (Ca glass) to -7.0 and -6.4 ppm 
respectively (Figure 5.29a). This chemical shift suggests that all glasses consist of 
pyrophosphate type environment and because of the presence of Al3+, the 
phosphorus forms Al-O-P linkages and thus it is Al-O-PO33-(Q1). The introduction 
on Sr2+ in the glasses may be affecting the phosphorus environment as we can 
observe a slight movement in the chemical shift in the Sr2+ substituted glasses. 
This shift may be due to a slight difference in the field strength between Sr2+ and 
Ca2+, 1.57 and 2.04, respectively. Furthermore, the chemical shift for 31P MAS-
NMR does not change significantly with the amount of strontium for calcium 
substituted in the glass.  
 
There is an additional small sharp peak in the LG26 glass (Ca glass) at 2.9 ppm, 
which is attributed to a Ca orthophosphate environment, where Ca cations are 
charge balancing the orthophosphate species. A previous study [70] reported that 
HAP or FAP has a chemical shift at 2.9 ppm on 31P MAS-NMR. It is believed that 
the LG26 glass contains a small amount of crystalline FAP. This suggestion can 
be supported by looking at the 19F MAS-NMR in the next section. 
 
The 31P MAS-NMR of LG26 (Ca glass) also supported the 29Si MAS-NMR of 
these series. The 29Si MAS-NMR spectra are slightly different compared to the 
earlier study by Hill et al. [15]. This could be due to the different structure of the 
LG26 glass from their study. They reported that the LG26 glass has no 
orthophosphate species whereas in this study there is a small amount of 
orthophosphate species in this glass. It is assumed that the reason for the 
orthophosphate species present in this glass is simply because during the 
quenching of the glass melts a small amount of crystalline phase may have been 
formed. The quenching time is critical because the slower the melts are quenched, 
the greater the possibility of phase separation and crystallization. Although the 
amount of orthophosphate in LG26 glass may be small, it suggests that it may 
contribute to the different Q structure observed in the 29Si MAS-NMR. 
 
 85
On the other hand, Figure 5.29b shows that the chemical shift for Sr2+ substituted 
glass with low phosphate content (ART10) moves towards a more positive value 
at -3.5 ppm, which indicates the change in the phosphorus environment with the 
decrease of the phosphate content in the glass. A similar finding has been reported 
by Stamboulis  et al. [45]. They found that the peak shifted towards 0 ppm values 
as the phosphate content decreased and suggested that the environment around 
phosphorus changes with the phosphate content. The movement of the chemical 
shift may be due to the concentration of phosphorus in the glass. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
.  
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5.4.4 27Al MAS-NMR Spectroscopy 
 
Figure 5.30 (a and b) show the 27Al MAS-NMR spectra for the studied glasses. 
There is a major peak at around 52.0-54.0 ppm for all glasses, which is attributed 
to Al(IV) in the tetrahedral network. The chemical shift of Al(IV) is generally at 
around 60.0 ppm, however, the presence of Al-O-P linkages will lower the 
chemical shift to 52.0-54.0 ppm in this series. This suggests that the introduction 
of strontium in the glass composition does not influence the 27Al MAS-NMR 
chemical shift. The 27Al MAS-NMR chemical shift is influenced more by the ratio 
of Al:P and Al:Si rather than the effect of the strontium. This result agrees well 
with the results for sodium glasses that were presented in Section 5.3.  
 
Besides the major peak of Al(IV), all glasses show evidence of higher 
coordination Al. There is a shoulder on the right side of Al(IV) which is attributed 
to Al(V) species and a small peak at around -0.5 ppm corresponds to Al(VI) 
species. The Al(VI) peak could overlap with the spinning sideband, however, the 
27Al 3QMAS-NMR  confirms that this peak corresponds to Al(VI) sites. The 27Al 
3QMAS-NMR for LG26Sr (Sr glass) shows the presence of three Al sites (Figure 
5.31).  
 
The deconvolution of the 27Al MAS-NMR has been performed to determine the 
amount of each Al site. Table 5.6 summarises the percentage of Al sites for these 
glasses. All glasses have about 85 to 90 % of Al(IV), 5-10% of Al(V) and 4-6 % 
of Al(VI) sites. The fully Sr glass, LG26Sr, shows the highest amount of Al(IV) 
compared to the others glasses in this series. As discussed in Section 5.2 and 5.3, 
the formation of Al in higher coordination number could be due to insufficient 
cations to charge balance NBOs in phosphorus of Al-O-P linkages.  
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Figure 5.30. 27Al MAS-NMR spectra of a) strontium substituting Ca glasses 
of LG26, LG125, LG26Sr and b) Sr glasses with different phosphate content, 
LG26Sr and ART10. The composition of the glasses is based on 4.5SiO2 
3.0Al2O3  1.5P2O5  (3.0-X)CaO  (2.0-Y)CaF2 XSrO YSrF2, where X=0.0 and 
3.0, and Y=0.0 and 2.0. All glasses consist of one peak at around 52.0-54.0 
ppm except ART10. Chemical shift for Sr glass with low phosphate (ART10) 
moves to a more positive value compared to the other glasses. There are also 
Al(V) and Al(VI) present in all glasses. The line is a guide to the eye only. 
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Figure 5.31. 27Al 3QMAS-NMR spectrum for LG26Sr glass based on 4.5SiO2 
3.0Al2O3 1.5P2O5 3.0SrO 2.0SrF2. There are three sites of Al corresponding to 
Al(IV), Al(V) and Al(VI). 
 
 
Table 5.6. Percentage of the detected Al species in the studied glass. Fittings 
were performed using dmfit fitting program (Cz model) [58] by taking into 
account the second order quadrupolar line broadening. 
  Al(IV) Al(V) Al(VI) 
LG26 Ca glass 85.1 9.4 5.5 
 Cq (MHz) 5.9 3.9 3.0 
LG125 Mixed Ca/Sr glass 84.2 9.7 6.1 
 Cq (MHz) 5.0 4.0 3.3 
LG26Sr Sr glass 86.2 7.0 4.2 
 Cq (MHz) 5.1 3.5 3.0 
ART10 Sr glass with low phosphate 93.9 3.7 2.4 
 Cq (MHz) 5.1 3.6 3.0 
 
Figure 5.30b shows the 27Al MAS-NMR for Sr glasses with different phosphate 
content. As the amount of phosphate decreased, the chemical shift moves to a 
more positive value at 58.0 ppm. This suggests that this shift is due to the low 
phosphate content in this glass which results in less Al-O-P bonds. The Al:P ratio 
of ART10 glass is 4.0, whereas for LG26Sr glass is 2.0. Similar results were 
observed by Hill et al. [15] where the chemical shift for their higher phosphate 
content glasses was decreased by 5.0 ppm. This confirms the hypothesis of local 
charge compensation of Al3+ and P5+ and the formation of Al-O-P linkages. From 
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31P and 27Al MAS-NMR data, it is clear that the environment around phosphorus 
changes with phosphorus content. 
 
5.4.5 19F MAS-NMR Spectroscopy 
 
 
Figure 5.32. 19F MAS-NMR spectra of a) strontium substituting Ca glasses of 
LG26, LG125, LG26Sr and b) Sr glasses with different phosphate content, 
LG26Sr and ART10. The glass compositions are based on 4.5SiO2 3.0Al2O3  
1.5P2O5  (3.0-X)CaO  (2.0-Y)CaF2 XSrO YSrF2, where X=0.0 and 3.0, and Y= 
0.0 and 2.0. All glasses consist of a peak at around -150 ppm except ART10, 
assigned as Al-F-Ca/Sr(n). LG26 shows two additional peaks at -100.0 and -
103.0 ppm for F-Ca(n) and F-Ca(3), respectively. For Sr substituted glasses, 
the peak moves to a more positive value at around -80.0 to -72.0 ppm 
corresponding to F-Sr(n) sites. The lines are guide to the eye only. 
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The 19F MAS-NMR spectra for Sr substituting Ca glasses shows a drastic change 
in the peak position with the presence of Sr cations in the glass compositions 
(Figure 5.32). In LG26 glass, which is a fully Ca fluoro-aluminosilicate glass, 
there is a peak at -150.0 ppm assigned as Al-F-Ca(n) sites. There are also two 
additional peaks appear at around -100.0 and -103.0 ppm, which are assigned as 
F-Ca(n) and F-Ca(3) sites, respectively. The chemical shift of F-Ca(3) site 
matches with the chemical shift of FAP and the 31P MAS-NMR confirms that this 
peak belongs to FAP which is formed during the quenching of the glass melt. 
However, the XRD pattern for this glass does not show any crystalline phase and 
it is optically clear. Therefore, the crystallization or amorphous phase separation 
in this glass must be on a nanometer scale well below the wavelength of visible 
light. 
 
A similar peak at around -150.0 ppm was observed for both mixed Ca/Sr glass 
(LG125) and fully Sr substituted glass (LG26Sr). There is also another peak at -
80.0 ppm for LG125 (mixed Ca/Sr glass) and this peak moves to a more positive 
value at around -74.0 ppm for LG26Sr glass. From the previous study [15, 42], the  
peak at -150.0 ppm was assigned as Al-F-Sr(n) sites, and at -80.0 to -70.0 ppm as 
F-Sr(n). A study by Bureau et al. [71] explained this movement due to the metal 
fluorine distance (M-F), where the chemical shift increases with descending 
Group I and II in the periodic table. Another study by Kiczenski et al. [42] 
reported that the chemical shift systematically increases with the radius of the 
alkali and alkaline cations (Group I and II). Therefore, because Sr cation is 
slightly larger than Ca cation the chemical shift for F-Sr(n) is lower than F-Ca(n).  
 
This study also proposes that there are mixed sites of F-Ca(n)/Sr(n) in the mixed 
Ca/Sr glass (LG125). This is because the two peaks for LG125 are not completely 
resolved compared to the spectrum for fully Sr substituted glasses. Since we have 
a mixture of Ca and Sr, there is also a possibility for having a mixed site of Al-F-
Ca(n)/Sr(n). A similar result has been reported previously by Hill et al. [72] where 
in their heat-treated glass of mixed Ca/Sr compositions that crystallize to FAP, 
there is the formation of mixed sites of F-Ca(2)/Sr(1) and F-Ca(1)/Sr(2). 
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Figure 5.32b shows the 19F MAS-NMR for Sr glasses with different phosphate 
content. There is a peak at -150.0 and -146.0 ppm for LG26Sr and ART10 glasses, 
respectively. This chemical shift is assigned as Al-F-Sr(n) sites. There is also 
formation of F-Sr(n) sites which is at -74.0 ppm for both of Sr glasses. This result 
suggests that the amount of phosphate in the Sr glass does not have a big impact 
on the fluorine environment.   
 
In addition, the 19F and 31P MAS-NMR data show that the present LG26 glass (Ca 
glass) contains a crystalline phase of FAP, which is not present in the previous 
study by Hill et al. [43]. They reported that Sr2+ does not influence the Si, P and 
Al environment, which contrast to the present study. In this study, it is found that 
the presence of Sr cations changes the Si and P environment. There are two 
explanations for this issue. Firstly, it is suggested the difference in these data 
could be due to the presence of FAP in our LG26 glass (Ca glass), which affected 
the chemical shift of the 29Si and 31P MAS-NMR. Secondly, for 31P MAS-NMR, 
the presence of Sr cations can also affect the phosphate environment due to the 
difference in the field strength of these two cations. Nevertheless, this study 
agrees that the presence of Sr cations has a little influence on the Si and Al 
environments as both are divalent cations. This study also agrees with their 
suggestion that the amount of Sr does not affect the Si and P because the present 
results show that for LG125 (mixed Ca/Sr glass) and LG26Sr (fully Sr glass) have 
similar chemical shifts in 29Si and 31P MAS-NMR spectra.  
 
In conclusion, substituting Sr for Ca may have very little influence to the Si and 
Al environments in the glass due to their similar charge to size ratio. However, 
this study suggests that the Sr cation may affect the phosphate environment due to 
its field strength. This study also reveals that the amount of phosphate does have 
an effect on the glass network.  
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Part II. Setting Reaction Study of GPCs by MAS-NMR 
Spectroscopy 
 
5.5  MAS-NMR Spectroscopy Studies in the Setting Reaction of 
GPCs from Series C (simple glasses) 
 
This study was conducted in order to understand the setting reaction of the simple 
glasses. This is important for forming the basis for the analysis of the data from 
the experimental GPCs in the next sections. By looking at the simple glass 
compositions, it is expected to have a better understanding on the setting 
behaviour of the GPCs. Three simple glasses have been used in this study. First, 
LG116 which is a glass without fluorine based on 4.5SiO2 3.0Al2O3 1.5P2O5 
5.0CaO. The second glass is LG35, based on 2.0SiO2 1.0Al2O3 1.0CaO 1.0CaF2 
which is without phosphorus.  The last glass is based on three components which 
is ART1 glass without fluorine and phosphorus (2.0SiO2 1.0Al2O3 2.0CaO).  
 
In this study, the setting time is defined as the ageing time of the GPCs. For 
example, GPC with 1 year setting time was immersed and stored in water at 37°C 
for 1 year prior to termination of the reaction. 
 
5.5.1 29Si MAS-NMR Spectroscopy 
 
Figures 5.33, 5.34 and 5.35 show the 29Si MAS-NMR spectra for GPCs based on 
the simple glasses. The spectra of GPCs are broader compare to the original 
glasses because of the overlapping of several Q structures in the cements. As 
discussed in the previous section, the 29Si MAS-NMR provides the Q structure of 
the glasses, which is assigned to the Si atom tetrahedrally coordinated by oxygen 
atoms in the glass network. Furthermore, for aluminosilicate glasses, the chemical 
shift is also affected by the number of aluminium ions surrounding the Si atom.  
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In ART1 cements, the original glass has a peak at -82.0 ppm attributed to a 
Q3(3Al) structure. After cement formation, it is found that a peak with the same 
chemical shift is still present, but is now broader and asymmetric with a shoulder 
at the right side of the peak (Figure 5.33). This shows that during the setting 
reaction, the release of the Al and Ca cations will lead to the reconstruction of the 
silicate network. Therefore, the number of Al in the Si network will be decreased 
and hence, the peak will shift to a more negative value.  
 
A previous study by Matsuya et al. [7] on GPCs from a simple glass (2.0SiO2 
1.0Al2O3 1.0CaO) suggested that the broadness of the peak is due to several 
species of Qm(nAl). A deconvolution of the peak was done and they suggested the 
schematic (Figure 2.7 in Chapter Two) showing the reconstruction of the silicate 
network during the setting reaction of the GPCs. As Al and Ca cations leach out 
from the glass network, the silicate network is reconstructed in the glass. 
However, in the present study, no deconvolution of the 29Si spectrum is performed 
due to poor resolution.  
 
The 29Si chemical shifts of ART1 cements are similar to its original glass at 
around -82.0 ppm but with a shoulder to the right side. The shape of the spectrum 
for 1 day and 28 days are similar which suggest that the repolymerisation of the 
silicate network is complete after 1 day of setting time. This suggestion will be 
supported by looking at the 27Al MAS-NMR of the ART1 cements in the next 
section. 
 94
.  
Figure 5.33. 29Si MAS-NMR spectra for GPCs based on ART1 glass (2.0SiO2 
1.0Al2O3 2.0CaO). The line is a guide to the eye only. 
 
 
The similar trends can be seen in the other two GPCs series based on simple 
glasses. For LG35 cements, which are based on a glass without phosphorus, the 
chemical shift of its original glass is at -87.5 ppm and moves towards more 
negative positions with increasing setting time. Although the LG35 glass only has 
Al-O-Si bonds as is the case with the ART1 glass, it is found that during the 
setting reaction, the Si network changes and the peak moves towards a more 
negative position than the ART1 cements. This finding suggests that the addition 
of fluorine affects the setting reaction of the cements. It is known that addition of 
fluoride in the GPCs facilitates the acid attack since fluoride increases the 
disruption of the glass network [30]. Therefore, the reactivity of the glass 
increases and the cements will have a shorter working and setting times compared 
to GPCs from glasses without fluoride. 
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Figure 5.34. 29Si MAS-NMR spectra for GPCs based on LG35 glass (2.0SiO2 
1.0Al2O3 1.0CaO 1.0CaF2). The line is a guide to the eye only. 
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Figure 5.35. 29Si MAS-NMR spectra for GPCs based on LG116 glass (4.5SiO2 
3.0Al2O3 1.5P2O5 5.0CaO). The line is a guide to the eye only. 
 
Moreover, for cements from the LG116 glass with phosphate content, the spectra 
for the glass and 5 minutes after setting time are very similar (Figure 5.35). This 
suggests that the recondensation of silica network takes place more slowly than 
the ART1 and LG35 glasses. The LG116 glass has a much longer working time 
[29] than the ART1 and LG35 glasses and is known to be a much less reactive 
glass. This study found similar trends in all cements regardless of the 
compositions of the glasses and suggests that the changes in the Si network is 
mainly because of the leaching of Al and Ca cations during the cement formation. 
However, it is suggested that the rate of recondensation may depend on the glass 
composition and how fast the release of Al(IV) occurs to the cement matrix.  
 
 
 
 
 
 97
5.5.2  31P MAS-NMR Spectroscopy 
 
In this study, the only cement with phosphorus is based the LG116 glass (4.5SiO2 
3.0Al2O3 1.5P2O5 5.0CaO). Figure 5.36 shows the 31P MAS-NMR spectra for 
GPCs based on LG116 glass. The original glass has a single peak at -5.1 ppm, 
which corresponds to the pyrophosphate environment with Ca cations charge 
balancing the PO43- tetrahedra, and this pyrophosphate environment is attributed 
to Q1 of Al-O-P linkages. During the setting reaction, this peak moves to a value 
that is slightly more negative and reaches around -8.0 ppm after 28 days. Similar 
findings are reported by Stamboulis et al. [73] and they suggested that the 
environment around the phosphorus in the cements after setting was similar 
irrespective of the initial phosphorus environment in the original glasses. Because 
of the chemical shift from the 31P MAS-NMR spectra of the cements is similar to 
the original glass, this study suggests that the Al-O-P linkages are not involved in 
the setting reaction.  
 
Figure 5.36. 31P MAS-NMR spectra for GPCs based on LG116 glass with no 
phosphorus content (4.5SiO2 3.0Al2O3 1.5P2O5 5.0CaO). The line is a guide to 
the eye only. 
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5.5.3 19F MAS-NMR Spectroscopy 
 
During the setting reaction, beside the release of Al and Ca cations to the cement 
matrix, it is possible that F ions are also being released from the glass or ion 
exchanged for hydroxyl group in the water. However, to date, there have been no 
studies of the fluorine environment during the setting reaction of these cements. 
Figure 5.37 shows the 19F MAS-NMR spectra for GPCs based on LG35 glass 
(2.0SiO2 1.0Al2O3 1.0CaO 1.0CaF2). The original glass shows two peaks at -143.8 
and -88.0 ppm which correspond to Al-F-Ca(n) and F-Ca(n) species. The 19F 
MAS-NMR spectra of LG35 cements show that the Al-F-Ca(n) and F-Ca(n) peaks 
move slightly to more positive values at -135.8 and -76.4 ppm, respectively. As 
the setting time increases, these two peaks become well resolved and the intensity 
of the F-Ca(n)  peak at -76.4 ppm decreases with time. 
 
The F-Ca(n) sites are not part of the tetrahedral network of the glass. Therefore it 
may be easier for F-Ca(n) to be released during the setting reaction. The Ca ions 
from F-Ca(n) sites may also be involved in chelating the PAA and the F ions may 
attach to the Al in higher coordination states in the cement matrix, which is 
crosslinking with PAA chains. To confirm this statement, the setting reaction of 
other aluminosilicate glasses with fluoride will be discussed in the next section.  
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Figure 5.37. 19F MAS-NMR spectra of GPCs from LG35 glass (2.0SiO2 
1.0Al2O3 1.0CaO 1.0CaF2). The lines are guide to the eye only. 
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5.5.4 27Al MAS-NMR Spectroscopy 
 
It is well known that during the setting reaction, the Al and Ca ions are released 
from the glass network and crosslink with the PAA within the cement matrix. 
Subsequently, the Al switches its coordination number from (IV) in the glass to 
(VI) in the cement. Therefore, the 27Al MAS-NMR is very important in order to 
understand and follow the setting reaction. In addition, the NMR spectroscopy can 
provide the quantification of each Al species in the cement and hence, can be used 
to follow the behaviour of each glass during the setting reaction.  
 
Figure 5.38 shows the 27Al MAS-NMR spectra for GPCs based on ART1 
(2.0SiO2 1.0Al2O3 2.0CaO). The chemical shift of ART1 cements moves slightly 
towards more negative values from 60.5 ppm in the original glass to 57.9 ppm in 
the cement after 28 days setting time. Stebbins and Farnan [74] described the 
decrease of chemical shift for Al(IV) as due to firstly, the increase in number of 
anions attach to Al, which means the Al has a higher coordination number such as 
Al(V) or Al(VI). Another reason for the movement to a more negative value of 
chemical shift may be due to the substitution of the first neighbouring cation for a 
more electronegative or smaller size cation. 
 
 In the present study, during the setting reaction, the release of Al(IV) from the 
glass network to crosslink with PAA will decrease the amount of Al(IV) in the Si 
network. Consequently, the Si:Al ratio in the glass network increases and this will 
lead to the movement of chemical shift to more a negative value. A similar result 
has been reported by Neuville et al. [75] where they studied a ternary SiO2-Al2O3-
CaO system and found that the chemical shift of Al(IV) decreasing with 
increasing the Si/Al ratio. The decrease in Al(IV) chemical shift in this study may 
be due to the changes in the environment of the second Si/Al neighbours around 
AlO4 tetrahedra.   
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Figure 5.38. 27Al MAS-NMR spectra for ART1 cements (2.0SiO2 1.0Al2O3 
2.0CaO). The chemical shift for Al(IV) moves to a more negative value from 
60.5 to 57.9 ppm. The line is a guide to the eye only.    
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Deconvolution of the spectrum reveals that there are 2 sites of Al(IV) in the ART1 
cement as shown in Figure 5.39a. The 3QMAS-NMR has been performed to 
confirm the presence of two sites of Al(IV). Figure 5.39b and c show the 
3QMAS-NMR of ART1 glass and cement at 6 hours setting time. The 27Al 
3QMAS-NMR spectrum suggests that these two sites have different Cq values. 
Similar finding has been reported by Pires et al. [47] where they described the 
presence of second sites with lower Cq as a result of the modification of the 
surface layer during the acid attack and suggested that this site has a more regular 
tetrahedral geometry. In the present study, the 27Al MAS-NMR spectra show that 
only a fraction of the Al(IV) will be released to the cement matrix, and the first 
site with higher Cq value can thus be the Al tetrahedra in the original glass. 
During the acid attack, the Al-O-Si linkages will be hydrolysed. Apart from the 
formation of Al(VI), it may be possible to have the Al-OH linkages. Therefore, 
the second site with lower Cq can be assigned to the Al tetrahedra in the degraded 
glass.  
 
It is known that Si:Al ratio increases in the glass network during the setting 
reaction and the chemical shift should move to a more negative value. However, 
this does not occur in the LG116 cement which may be due to the presence of Al-
O-P linkages, which hinder the influence of Si/Al ratio.  
 
The 27Al 3QMAS-NMR of LG116 cement at 6 hours setting time does not show 
an additional Al(IV) site as in ART1 cements. However, the 27Al MAS-NMR 
spectra for LG116 cements at longer setting times show that the Al(IV) peak 
becomes much narrower than at the short setting times. This suggests that there is 
a possibility of an additional Al(IV) site in the cement.  
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Figure 5.39. Experimental and deconvoluted 27Al MAS-NMR spectra of (a) 
ART1 glass and b) ART1 cement at 6 hours setting time. Figure c) 27Al 
3QMAS-NMR for ART1 cement at 6 hours setting time. Fittings were 
performed using dmfit Gaussian model without taking into account the 
second order quadrupolar line broadening. 
 
 
Most of the aluminosilicate glasses for GPCs contain a significant fraction of 
phosphate. In the previous section of this study, it is found that the PO4 tetrahedra 
is likely to be adjacent to an AlO4 tetrahedra in the glass network as a result of the 
P5+ ion locally charge balancing Al3+ ion to form Q1 Al-O-P linkages. Figure 5.40 
shows the 27Al MAS-NMR spectra for LG116 cements based on 4.5SiO2 
3.0Al2O3 1.5P2O5 5.0CaO.  In contrast to ART1 cements, the chemical shift for 
Al(IV) for LG116 cements is constant at around 52.0 to 53.0 ppm.  
 
 104
 
 
   
 Figure 5.40. 27Al MAS-NMR spectra for LG116 cements based on 4.5SiO2 
3.0Al2O3 1.5P2O5 5.0CaO. The Al(IV) chemical shifts are constant at 52.0-
53.0 ppm. The line is a guide to the eye only. 
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Figure 5.41 shows the 27Al MAS-NMR spectra for LG35 cements based on 
2.0SiO2 1.0Al2O3 1.0CaO 1.0CaF2. Addition of fluorine is important in GPCs as it 
disrupts the glass network, increases the susceptibility of the glass toward acid 
attack, and reduces the setting time of the GPCs. In contrast to ART1 and LG116 
cements, the chemical shift for LG35 cements move slightly to more positive 
values, from 55.0 ppm in the glass to 56.2 ppm after 28 days setting time. As 
discussed in the Part I, the introduction of fluorine in the form of CaF2 in the glass 
will result in the formation of F-Ca(n) and Al-F-Ca(n) sites.  
 
Several solid state studies [76, 77] have been reported on the effect of CaF2 in the 
glass network, especially on the AlO4 tetrahedra sites. The fluoride disrupts the 
glass network as it forms F-Ca(n) species, which decreases the number of Ca 
cations available to charge balance the NBOs on the silicon. In addition, F- ions 
break up the AlO4 tetrahedra and form AlO3F or Al-F-Ca(n) species. Previous 
studies reported that by increasing the CaF2 content in the glass composition, the 
chemical shift of the 27Al MAS-NMR spectrum moves slightly to lower values.  
 
During the setting reaction, Al3+, Ca2+ and F- will be released from the glass. The 
movement of the chemical shift to a higher value may be due to the release of F 
ions from Al-F-Ca(n) site during the setting reaction. Moreover, for longer setting 
times up to 28 days, there will be a decreasing of amount of fluorine in the glass 
and thus the chemical shift moves to a higher value. This is consistent with the 19F 
MAS-NMR of these cements where the chemical shift of the Al-F-Ca(n) sites in 
the glass moves to higher values in the cements. 
 
The unknown peak at around 16.0 ppm in the original glass remains in the 
cements at any setting time, which suggests that it is not involved in the setting 
reaction. The deconvolution analysis shows that the amount of this species is 
around 11-12% in the cements as well as in the original glass. It is suggested that 
this unknown peak consists of two overlapped “unknown species”. 
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Figure 5.41. 27Al MAS-NMR spectra for LG35 cements based on 2.0SiO2 
1.0Al2O3 1.0CaO 1.0CaF2. The chemical shift of Al(IV) moves to a higher 
value. The line is a guide to the eye only. 
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 Figure 5.42 shows the 27Al 3QMAS-NMR spectra for LG35 cement at 6 hours 
setting time. There are two sites of Al(IV) in the cements as can be observed in 
ART1 cements. The additional Al(IV) is thought to be the formation of a 
degraded layer during the acid attack. 
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Figure 5.42. 27Al 3QMAS-NMR spectrum for LG35 cement at 6 hours setting 
time. 
 
A deconvolution study was carried out to fit the peak areas from the 27Al MAS-
NMR spectrum, as well as to estimate the line width and integrate the peak areas 
in order to quantify the proportion of each type of Al species present. In this 
fitting process it must be noted that Al has a 5/2 spin quantum number (I) as it has 
an electric quadrupole moment. This means that MAS is only effective for 
eliminating the first order term, but not the second order quadrupolar contribution, 
resulting in a quadrupolar line broadening effect. This manifests itself as an 
asymmetric “tail” on the peaks, which can lead to difficulties for exact 
quantification of peak areas. 
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The fitting can be done by using a Gaussian model, which does not take into 
account the second order quadrupolar line broadening. There is another option to 
perform the fitting by using the dmfit software with the Cz model. This model 
allows us to include the second order quadrupolar effect if we know the 
quadrupole coupling constant (Cq). The 2D MQMAS is performed in order to 
determine the Cq value. This software will give more accurately amount of each 
Al site compared to the Gaussian model.  
 
However, fitting the peaks using Cz model takes a much longer time than the 
simple Gaussian fitting model and it was impractical to use the Cz model for all 
the fitting. Although the Gaussian model may underestimate the percentage of 
Al(IV), the setting reaction still can be followed by making an assumption that a 
part of the apparent Al(V) is in fact quadrupolar line broadening from Al(IV) 
species. Therefore, the setting reaction will be determined by taking the ratio of 
Al(VI) to Al(IV) plus Al(V). A comparison study on the Cz and Gaussian models 
has been done for several of the cement series in this study. It is found that the 
Gaussian model gives a similar result to the Cz model (Figure 5.43). This could be 
due to the advantage of using high magnetic field, 600 MHz (14.1T) which greatly 
mitigates the quadrupolar broadening effect. Most of the previous studies [7, 46, 
47] were carried out  using lower magnetic field strengths of 4.7T and 9.4T, which 
exacerbates the quadrupolar line broadening, resulting in even more poorly 
resolved spectra and a greater asymmetric tail from the Al(IV) peak. Therefore, to 
simplify the fitting in the present work it was done without taking into account the 
second order quadrupolar line broadening. 
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Figure 5.43. Comparison study on deconvolution of 27Al MAS-NMR data for 
LG125 cements using dmfit Gaussian  and Cz models. 
 
Figure 5.44 shows a graph of Al(VI):Al(IV)+Al(V) ratio to log time of the ART1, 
LG116 and LG35 cements. The setting of ART1 and LG35 cements in terms of 
the conversion of Al(IV) to Al(VI) are completed earlier than LG116 cement. The 
ART1 cement which is based on the simplest glass composition (2.0SiO2 
1.0Al2O3 2.0CaO) shows the fastest setting reaction where the conversion of 
Al(IV) to Al(VI) is completed after 5 minutes setting time. This is consistent with 
the 29Si MAS-NMR data, which found that the spectra of the cements did not 
change significantly after 5 minutes setting time. ART1 glass only exhibits the Al-
O-Si linkages and thus may contribute to a fast setting reaction. The 29Si MAS-
NMR also reveals that the recondensation of Si network may be completed after 1 
day.  
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Figure 5.44. Ratio of Al(VI):Al(IV) + Al(V) plotted against log time for (○) 
LG35, (x) LG116 and (▲) ART1 cements. The setting reaction for ART1 and 
LG35 completed approximately after 5 and 30 minutes, respectively, whereas 
for LG116 nears completion after 1 day. The lines are guide to the eye only. 
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Table 5.7 shows the percentage of each Al sites in the glass and its cement after 
28 days setting time. For ART1, the amount of Al(IV) declined from 94.0% to 
69.8%, and for LG35 and LG116 it decreased from 73.1 to 52.6% and 86.1 to 
58.4%, respectively. After 28 days setting time, all cements still have certain 
amount of Al(V). 
 
Table 5.7. Al coordination numbers and percentage of detected species in the 
ART1, LG35 and LG116 glasses and cements after 28 days setting time. 
Fittings were performed using dmfit (Cz model) fitting program by taking 
into account the second order quadrupolar line broadening. 
Glass    Cement at 28 days setting time 
 Al sites % 
Cq 
(MHz)  Al sites % Cq (MHz) 
        
ART1 4 94 5.6 ART1 4 44.3 5.0 
 5 6 4.5  4 25.5 4.5 
 6 - -  5 5.5 4.0 
     6 24.7 3.4 
        
LG35 4 73.1 5.6 LG35 4 50.1 5.4 
 5 9.1 4.5  4 2.5 2.4 
 6 4.9 3.0  5 4.9 4.5 
 
unknown 
1 1.1 0.5 (g/l)  6 28.4 3.0 
 
unknown 
2 11.8 0.5 (g/l)  
unknown 
1 1.2 0.5( g/l) 
     
unknown 
2 12.8 0.5 (g/l) 
        
LG116 4 86.1 5.6 LG116 4 56.9 5.6 
 5 10.5 4.5  4 1.5 2.1 
 6 1.2 2.2  5 5.6 4.5 
 unknown 2.2 3.0  6 33.9 3.0 
     unknown 2.1 2.1 
 
In comparison to ART1 cements, LG116 cements are based on four component 
glasses with the presence of phosphate (4.5SiO2 3.0Al2O3 1.5P2O5 5.0CaO). There 
are Al-O-P linkages in the cements, which prevent the release of Al and Ca 
cations from the glass network to crosslink with the PAA. Consequently, the 
setting reaction is retarded initially and this is consistent with the 29Si MAS-NMR 
data that show that the spectrum of the cement at 5 minutes of setting time is 
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similar to the original glass. This suggests that the recondensation of Si network in 
LG116 cements take place a bit later than in the ART1 cement. Moreover, the 
phosphate in the glass has ability to lock the Al and Ca cations in the glass and 
prevent them from crosslinking the PAA chains. A previous study by Griffin and 
Hill [51] reported that by increasing the phosphate content in the glass, the 
working and setting time of the cement pastes increased. 
 
On the other hand, the presence of fluoride in the glass shows the ratio of Al(VI) 
to Al(IV) plus Al(V) to reach a maximum value after 10 to 30 minutes of setting 
time which is similar to the ART1 cements. As mentioned previously, the fluoride 
acts as a disrupter in the glass and increases the susceptibility of the glass towards 
the acid attack, thus reduces the setting time of the cement pastes. The 29Si MAS-
NMR spectra suggest that the recondensation of Si network may continue up to 28 
days, which may be due to the presence of fluorine as a network disrupter.  
 
Finally, the theoretical ratio of Al(VI) to Al(IV) is calculated from the glass 
composition for cement formation. The calculation is based on assumption that: 1) 
a simple acid-base reaction between the glass and the PAA occurs, 2) there is no 
preferential release of Al cations relative to Ca cations, 3) a complete 
neutralization occurs in the acid-base reaction, 4) for simplification, there are no 
five- or six-coordinated Al present in the glass and 5) CaF2 and Al-O-PO33- are 
not involved in setting reaction. From the calculation, the ratio of Al(VI) to Al(IV) 
is 0.30 for ART1 cement, 0.64 for LG116 cement and 0.45 for LG35 cement.  
 
Comparing the results of Al(VI) to Al(IV) from the calculated ratio of the cement 
with the ratio from deconvolution, it is found that the ratio calculated from the 
cements matches closely with the deconvolution data of the ART1 and LG116 
cements. The ratio of Al(VI):Al(IV) + Al(V) reaches a maximum of about 0.24 
for ART1 cement, and 0.57 and 0.54 for LG116 and LG35 cements, respectively. 
The ratio of Al(VI):Al(IV) + Al(V) is lower in ART1 and LG116 cements, which 
may suggest that the reaction does not go so far to completion or the Ca cations 
are released preferentially compared to Al cations. Moreover, in LG116 cements, 
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the presence of Al-O-P bonds in the glass prevents the release of Al and Ca 
cations during the setting reaction.   
 
In contrast to LG35 cements, the deconvolution ratio of Al(VI):Al(IV) + Al(V) is 
higher than the calculated ratio of the LG35 glass. This might be due to the 
presence the of “unknown species” in the aluminium environment at around 16.0 
ppm which causes the amount of Al(IV) in the glass to be lower than expected. It 
thus makes the Al(VI):Al(IV) + Al(V) in the cement higher than calculated ratio 
of Al(VI)/Al(IV) from the glass composition. As mentioned earlier, this 
“unknown species” is constant throughout the setting reaction with around 11-
12% of the Al sites. It is possible to subtract this percentage from the percentage 
of Al(IV) calculated from the glass composition. The corrected calculation taking 
into account the presence of the “unknown species” for LG35 is 0.54. This value 
is equivalent to the value from the deconvolution data and thus suggests that the 
presence of fluorine in the glass can increase the extent of reaction and the 
crosslinking between Al cations and the PAA chains. 
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5.6  MAS-NMR Spectroscopy Studies in the Setting Reaction of 
GPCs based on  Series D glass, 4.5SiO2 3.0Al2O3 1.5P2O5  
(3.0-X)CaO  (2.0-Y)CaF2 XSrO YSrF2, where X = 0.0 and 3.0, 
Y=0.0 and 2.0 , Z=0 and 0.75 
 
The main objective of this study is to characterise the setting reaction in the GPCs 
based on experimental GPCs with different strontium content. The MAS-NMR of 
29Si, 31P, 19F and 27Al were used in order to obtain information specifically about 
the ionic crosslinking process. 
 
5.6.1  29Si MAS-NMR Spectroscopy 
 
Figures 5.45 and 5.46 illustrate the 29Si MAS-NMR spectra for GPCs based on 
LG26 glass (4.5SiO2 3.0Al2O3 1.5P2O5 3.0CaO 2.0CaF2) and LG125 glass 
(4.5SiO2 3.0Al2O3 1.5P2O5 2.0CaF2 3.0SrO), respectively. Generally, broad 
symmetrical peaks of the original glasses change to broad asymmetrical peaks and 
move towards a more negative direction in the cements with setting time. A 
similar trend can be observed in Figures 5.47 and 5.48 for LG26Sr glass (4.5SiO2 
3.0Al2O3 1.5P2O5 3.0SrO 2.0SrF2), and ART10 glass (4.5SiO2 3.0Al2O3 
0.75P2O5 3.0SrO 2.0SrF2), respectively.  
 
These data are similar to GPCs from the simple glasses that suggest the 
recondensation of the silicate tetrahedra taking place during the setting reaction 
regardless of the glass compositions. In LG26 cements (4.5SiO2 3.0Al2O3  
1.5P2O5 3.0CaO 2.0CaF2), after 5 minutes setting time, the peak becomes 
asymmetric skewing to a negative value. This becomes more significant as the 
setting time increases up to 6 months. The broadness of the peak in the cements 
indicates that the peak contains several overlapping species of Qn(mAl). During 
the setting reaction, the Al and Ca cations are released from the aluminosilicate 
network in the glass. Therefore, the number of next nearest Al around the Si 
tetrahedral network decreases and it is suggested that the repolymerisation of the 
Si tetrahedra may take place at the same time. 
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Figure 5.45. 29Si MAS-NMR spectra of GPCs based on LG26 glass (4.5SiO2 
3.0Al2O3  1.5P2O5  3.0CaO  2.0CaF2). The line is a guide to the eye only. 
 
Figure 5.46.29Si MAS-NMR spectra of GPCs based on LG125 glass (4.5SiO2 
3.0Al2O3  1.5P2O5  3.0 SrO  2.0CaF2). The line is a guide to the eye only. 
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Figure 5.47.29Si MAS-NMR spectra of GPCs based on LG26Sr glass (4.5SiO2 
3.0Al2O3  1.5P2O5  3.0 SrO  2.0SrF2). The line is a guide to the eye only. 
 
Figure 5.48.29Si MAS-NMR spectra of GPCs based on ART10 glass (4.5SiO2 
3.0Al2O3  0.75P2O5  3.0 SrO  2.0SrF2). The line is a guide to the eye only. 
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Nevertheless, for Sr substituted glasses  (LG26Sr and ART10), the spectra for 1 
day and 1 year cements are still changing with setting time, whereas for mixed 
Ca/Sr glass, LG125, the spectra remain at the same chemical shift but with a 
broader peak. This suggests that in the latter glasses (LG125), the release of Al 
and Ca cations is completed after 1 day and the change in the width of the peak is 
due to the reconstruction of the Si network. It is also suggested that the 
composition of the glass plays an important role in the setting reaction of the 
cements and this statement will be discussed further in the 31P, 19F and 27Al MAS-
NMR spectroscopy in the next section.  
 
5.6.2  31P MAS-NMR Spectroscopy 
 
The 31P MAS-NMR spectra for the cements based on LG26 (4.5SiO2 3.0Al2O3  
1.5P2O5 3.0CaO 2.0CaF2), LG125 (4.5SiO2 3.0Al2O3  1.5P2O5  3.0SrO 
2.0CaF2), LG26Sr (4.5SiO2 3.0Al2O3 1.5P2O5 3.0SrO 2.0SrF2) and ART10 
(4.5SiO2 3.0Al2O3  0.75P2O5  3.0SrO 2.0SrF2) glasses at various setting times 
together with their original glasses are shown in Figures 5.49 to 5.52. Generally, 
the chemical shift for all cements shifted to a more negative value with setting 
time regardless of the glass compositions. Moreover, the chemical shifts of all 
cements will be around -8.0 to -9.0 ppm after setting reaction. 
 
During the hydrolysis reaction in the setting reaction, the Ca and Al cations in the 
glass network will be released to the cement. It is well known that the PO4 
tetrahedra in the Si network in the glass are bonded to Al for charge compensation 
and the oxygen around the P will be preferentially attached to Ca2+ and Sr2+. 
Therefore, it would be expected to see a change in the P environment as the Al, 
Ca and Sr cations release from the glass network during the setting reaction. 
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Figure 5.49.31P MAS-NMR spectra of GPCs based on LG26 glass (4.5SiO2 
3.0Al2O3  1.5P2O5  3.0CaO  2.0CaF2). The line is a guide to the eye only. 
 
 
Figure 5.50.31P MAS-NMR spectra of GPCs based on LG125 glass (4.5SiO2 
3.0Al2O3  1.5P2O5  3.0SrO  2.0CaF2). The line is a guide to the eye only. 
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Figure 5.51. 31P MAS-NMR spectra of GPCs based on LG26Sr glass (4.5SiO2 
3.0Al2O3  1.5P2O5  3.0SrO  2.0SrF2). The line is a guide to the eye only. 
   
Figure 5.52.31P MAS-NMR spectra of GPCs based on ART10 glass (4.5SiO2 
3.0Al2O3  0.75P2O5  3.0SrO  SrF2). The line is a guide to the eye only. 
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In the Figure 5.49, the cements based on LG26 glass (4.5SiO2 3.0Al2O3  1.5P2O5  
3.0 CaO  2.0CaF2), the original peak of the glass at -8.0 ppm does not move much 
in the cements. After 6 months setting time, the peak moves slightly to -9.0 ppm 
and this indicates that the setting reaction results in only a small change in the 
pyrophosphate environment in LG26 cements.  
 
The cements based on LG125 glass based on 4.5SiO2 3.0Al2O3 1.5P2O5 3.0SrO  
2.0CaF2 (Figure 5.50) also have a similar trend. The original peak of the glass at -
7.0 ppm is shifted slightly to -8.8 ppm after 1 day and remains the same in the 1 
year setting time cement. For cements from another glass composition, LG26Sr 
(4.5SiO2 3.0Al2O3  1.5P2O5  3.0SrO  2.0SrF2 ), the chemical shift of original glass 
shifted about 2.0 ppm from -6.4 to -8.7 ppm in 1 day setting time and remained 
the same after 1 year as shown in Figure 5.51.  
 
Furthermore, with ART10 cements based on 4.5SiO2 3.0Al2O3  0.75P2O5  3.0SrO  
SrF2, where the phosphate content is a half of the above glasses, the chemical shift 
for 31P MAS-NMR spectra showed a movement from -3.5 ppm in the original 
glass to -9.4 ppm in 1 day setting time and remained the same after 1 year (Figure 
5.52).  
 
From the 31P MAS-NMR, it is suggested that the pyrophosphate environment of 
the glasses does not change very much with the setting reaction and corresponds 
to a Q1 pyrophosphate species in Al-O-PO33-. The presence of cations such as Ca2+ 
or Sr2+ for charge balancing the PO43- tetrahedra does not have a significant effect 
on how the pyrophosphate environment changes when the setting reaction 
proceeds. In addition, all cements have a similar chemical shift after 1 year setting 
time, which is at around -8.0 to -9.0 ppm regardless of their glass compositions 
and phosphate content.  
 
This finding also reflects the fact that the Al cations in the Al-O-P bond may not 
be released from the glass network because the PO43- still remains in the 
pyrophosphate environment. The secondary ion mass spectroscopy (SIMS) study 
of GPCs by Dawson [78] supported this idea. The SIMS has been used to 
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investigate the surface layer of the glass reacted with acetic acid. They reported 
that the reacted layer is a silicon and phosphorus rich layer and calcium and 
aluminium depleted. This suggests that phosphorus in the Al-O-PO33- group 
remains in the reacted layer and is not released on the cement formation.  
 
Similar results have been reported previously by Stamboulis et al. [73]. They 
found that the environment around the phosphorus in the cements after setting was 
similar irrespective of the initial conditions of the phosphorus in the original 
glasses. They suggested that the movement of the chemical shift might be due to 
the release of Ca2+ from Ca-Al-P rich region in the glass; hence, the number of 
AlO4 around PO4 tetrahedron is increased with the setting time. However, in this 
present study, the shift is only about 2.0 ppm, which is less than what it is 
expected in 31P chemical shift. A study by Dollase et al. [79] showed that the 
chemical shift decreased with increasing numbers of AlO4 around a PO4 
tetrahedron by about  -8.0 to -9.0 ppm for each additional Al. 
 
Therefore, this present study suggests that the slight movement in the chemical 
shift may be due to the release of a small amount of Ca and Sr from glass or may 
be due to a rearrangement of Ca or Sr around the phosphate environment. 
 
5.6.3  19F MAS-NMR Spectroscopy 
  
In the original glasses, the fluorine is generally present as F-Ca/Sr(n) or Al-F-
Ca/Sr(n) species. During the setting reaction, the release of Al and Ca/Sr ions to 
the cement may change the fluorine environment since Al and Ca/Sr ions are 
bound to F ions in the glass. It is also thought that the ion exchange also involves 
between F- and hydroxyl group in water. Therefore, it would be expected to 
observe some changes in the 19F MAS-NMR spectra of the cements during the 
setting reaction.  
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Figures 5.53 to 5.56 show the 19F MAS-NMR spectra for the cements based on 
LG26 (4.5SiO2 3.0Al2O3 1.5P2O5 3.0CaO 2.0CaF2), LG125 (4.5SiO2 3.0Al2O3  
1.5P2O5  3.0SrO 2.0CaF2), LG26Sr (4.5SiO2 3.0Al2O3  1.5P2O5  3.0SrO 2.0SrF2) 
and ART10 (4.5SiO2 3.0Al2O3 0.75P2O5 3.0SrO 2.0SrF2) glasses at various 
setting time together with their original glasses. Generally, there is one major peak 
at around -130.0 to -133.0 ppm for all cements after 1 year regardless of the glass 
compositions. 
 
Figure 5.53. 19F MAS-NMR spectra for LG26 cements (4.5SiO2 3.0Al2O3 
1.5P2O5 3.0CaO 2.0CaF2).  
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Figure 5.54. 19F MAS-NMR spectra for LG125 cements (4.5SiO2 3.0Al2O3  
1.5P2O5 3.0SrO 2.0CaF2). 
 
Figure 5.55. 19F MAS-NMR spectra for LG26Sr cements (4.5SiO2 3.0Al2O3  
1.5P2O5 3.0SrO 2.0SrF2). 
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Figure 5.56. 19F MAS-NMR spectra for ART10 cements (4.5SiO2 3.0Al2O3  
0.75P2O5 3.0SrO 2.0SrF2) 
 
Figure 5.53 shows the 19F MAS-NMR spectra for the LG26 glass and its cements 
(4.5SiO2 3.0Al2O3 1.5P2O5 3.0CaO 2.0CaF2) from 5 minutes to 6 months setting 
time. The spectra for 5 and 10 minutes appear almost identical to the original 
glass, with two peaks at -100.0 and -150.0 ppm corresponding to F-Ca(n) and Al-
F-Ca(n) sites, respectively. In addition, there is a small peak at -103.0 ppm, which 
is attributed to FAP which could not be detected in the cements. After 30 minutes 
setting time, the spectrum of the cement changes with only one major peak at -
130.0 ppm now present. This peak remains the same up to 6 months of setting 
time.  
 
For LG125 cements based on mixed Ca/Sr glass (4.5SiO2 3.0Al2O3 1.5P2O5 
3.0SrO 2.0CaF2), similar trends can be found where the -130.0 ppm peak is well 
resolved after 30 minutes setting time (Figure 5.54). Whereas for cements from Sr 
fully substituted glass (4.5SiO2 3.0Al2O3 1.5P2O5 3.0SrO 2.0SrF2), this peak 
appears earlier than both cements with Ca in the glasses. The -130.0 ppm peak in 
LG26Sr can be seen clearly after 10 minutes setting time (Figure 5.55). Moreover, 
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for the cements from the Sr glass with lower phosphate content, ART10 (4.5SiO2 
3.0Al2O3 0.75P2O5 3.0SrO 2.0SrF2), this peak clearly can be found after 5 minutes 
setting time which is the earliest setting time to observe this peak among these 
four cements series as shown in Figure 5.56. 
 
The intensity of the F-Ca/Sr(n) peak decreases during the setting reaction. It is 
difficult to quantify the reduction of this peak because of overlapping with the 
spinning sidebands. However, this finding suggests that F-Ca/Sr(n) sites are more 
readily lost from the glass to crosslink with PAA compared to Al-F-Ca/Sr(n) sites. 
F-Ca/Sr(n) sites present as Ca complexing F, which is not part of the Si glass 
network. Therefore, it is easier for F-Ca/Sr(n) to leach out from the glass 
compared to Al-F-Ca/Sr (n) sites which is part of the Si glass network. 
 
Furthermore, this study suggests that all cements have similar fluorine 
environments after the setting reaction, regardless of the glass composition. There 
are several possibilities for the presence of the peak at -130.0 ppm. This peak may 
be attributed to Si-F-Ca(n) species or Al-F at higher Al coordination state. 
According to Kiczenski and Stebbins [42], the Si-F-Ca(n) species show chemical 
shift values between -135.0 to -123.0 ppm. Hence, this peak could indicate the 
presence of Si-F bonds. However, the 29Si MAS-NMR data do not support this 
statement. The Si-F bonds normally move the chemical shift of 29Si MAS-NMR 
spectra to less negative values. However, the data shows that the chemical shift of 
29Si MAS-NMR moves to the opposite direction. Therefore, this study suggests 
that there is a possibility of Al-F at higher Al coordination state in the cements. As 
Al leaches out from the glass network and crosslinks with PAA, its coordination 
number increases from four to six. It is assumed that the fluorine ions are also 
released from the glass and attach to Al(VI) in the cement matrix.  
 
Moreover, the intensity of F-Ca(n) species in the glass reduces significantly in the 
cement which suggests that the F ions may be released from the glass and attach 
to the Al in a higher coordination state. This peak is still broad after setting, which 
indicates the possibility of overlapping sites. It is assumed that besides the 
presence of Al-F at higher Al coordination state, there is also some remaining Al-
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F-Ca(n) in the glass network. Although all cements have similar fluorine 
environment after the setting reaction, there are differences when the peaks 
become well resolved, which may depend on the glass composition. For example, 
in LG26 cements, the -130.0 ppm peak can be seen clearly after 30 minutes 
setting time whereas for ART10 cement, this peak appears as early as 5 minutes 
setting time. 
 
5.6.4  27Al MAS-NMR Spectroscopy 
 
Figure 5.57 shows the 27Al MAS-NMR spectra for the cements based on LG26 
(4.5SiO2 3.0Al2O3 1.5P2O5 3.0CaO 2.0CaF2 ) at various setting times together 
with the original glass. The original glass has a peak at 50.0 ppm assigned to 
Al(IV) and a shoulder at 45.6 ppm. There is also a small peak at -2.0 ppm from an 
Al(VI) site. The Al(IV) site is a tetrahedral coordinated aluminium and the 
shoulder is assigned to pentahedral aluminium in the glass network [37]. The 
cement spectra all show peaks corresponding to Al(IV) at 50.0-54.0 ppm and at -
2.0 ppm with increasing intensity for the Al(VI) site. From the deconvolution, a 
shoulder between these two peaks is assigned to Al(V) at around 30.0-34.0 ppm. 
Moreover, the chemical shift for Al(IV) sites moves to higher values compared to 
the original glass.  
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Figure 5.57. 27Al MAS-NMR spectra of GPCs and its original glass based on 
LG26 (4.5SiO2 3.0Al2O3 1.5P2O5 3.0CaO 2.0CaF2), at different setting times. 
Peak at around 50.0 ppm is Al(IV) and -2.0 ppm is Al(VI). The intensity of 
Al(VI) peak increases with setting reaction. The lines are guide to the eye 
only. 
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Figure 5.58. 27Al MAS-NMR spectra of GPCs and its original glass based on 
LG125 (4.5SiO2 3.0Al2O3 1.5P2O5 3.0SrO 2.0CaF2), at different setting times. 
Peak at around 52.0 ppm is Al(IV) and -2.0 ppm is Al(VI). The intensity of 
Al(VI) peak increases with setting reaction. The lines are guide to the eye 
only. 
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Figure 5.59. 27Al MAS-NMR spectra of GPCs and its original glass based on 
LG26Sr (4.5SiO2 3.0Al2O3 1.5P2O5 3.0SrO 2.0SrF2), at different setting times. 
Peak at around 52.0 ppm is Al(IV) and -2.0 ppm is Al(VI). The intensity of 
Al(VI) peak increases with setting reaction. The lines are guide to the eye 
only. 
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Figure 5.60. 27Al MAS-NMR spectra of GPCs and its original glass based on 
ART10 (4.5SiO2 3.0Al2O3  0.75P2O5 3.0SrO 2.0SrF2), at different setting time. 
Peak at around 60.0 ppm is Al(IV) and 0.0 ppm is Al(VI). The intensity of 
Al(VI) peak increases with setting reaction. The lines are guide to the eye 
only. 
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The original glass and the cements spectra of the LG125 which are based on a 
mixed Ca/Sr glass and LG26Sr (Sr replacing Ca completely) are shown in Figure 
5.58 and Figure 5.59. They show trends similar to the LG26 cement, where there 
are two significant peaks at 50.0-55.0 ppm and 0.0 to -2.0 ppm, due to Al(IV) and 
Al(VI) sites, and a shoulder at ca. 30.0 ppm. However, there is no significant 
movement of the chemical shift for these two GPCs series as in LG26 cements. 
 
 In addition, the ART10 cements also show two significant peaks at 60.0-56.0 
ppm and 0.0 ppm which are assigned as Al(IV) and Al(VI) sites, respectively 
(Figure 5.60). The Al(IV) peaks are found in the glass and in the cement at a 
slightly higher chemical shift compared to the three cement series with a lower 
phosphate content in the glass and the decreased prevalence of Al-O-P bonds. In 
contrast to LG26 cements, the chemical shift of ART10 cements moves slightly to 
lower values on setting. There is also a small peak at 13.0-16.0 ppm presents for 
all the cements except LG26, which is assigned as unknown new species.   
 
A deconvolution analysis was carried out using a Gaussian model to fit the peak 
areas from the 27Al MAS-NMR spectrum, as well as to quantify the proportion of 
each type of Al species present. For all glasses and cements, the shoulder between 
the Al(IV) and Al(VI) is assigned to an Al(V) site and it remains in the cement 
even after 1 year setting time. As discussed in the previous section, the integration 
of each peak is directly proportional to the amount of that specific Al species in 
the cement, hence, the conversion of the Al(IV) to Al(VI) during the setting 
reaction can be followed. Figure 5.61 shows the examples of the deconvolution of 
spectra for LG125 glass and its cement with setting time 1 year.  
 
 
 
 
 
 
 132
 
Figure 5.61. The experimental and the deconvoluted 27Al MAS-NMR spectra 
of a) LG125 cement at 1 year setting time and b) LG125 glass based on 
(4.5SiO2 3.0Al2O3 1.5P2O5 3.0SrO 2.0CaF2). Peaks at around 50.0 ppm is 
assigned as Al(IV) and -2.0 ppm is Al(VI). The shoulder between these peaks 
at around 30.0 ppm is assigned as Al(V) and/or line broadening quarupolar 
effect for Al(IV). Fitting was performed using dmfit Gaussian model without 
taking into account the second order quadrupolar line broadening. 
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The chemical shifts obtained from the peak fitting are constant in LG125 and 
LG26Sr cements, with the exception of the LG26 cements, which showed a 
significant shift towards higher values. Whereas the ART10 cements (lower 
phosphate content) showed a considerable shift towards zero ppm in the chemical 
shift of the Al(IV) species particularly during the early stages of cement 
formation.  
 
Table 5.8. Percentage of detected Al species in LG26, LG125, LG26Sr and 
ART10 glasses and cements after 1 year for all cements except LG26 after 6 
months setting time. Fittings were performed using dmfit Cz fitting program 
by taking into account the second order quadrupolar line broadening. 
Glass    Cement at 1 year setting time 
 Al sites % 
Cq 
(MHz)  Al sites % 
Cq 
(MHz) 
        
LG26 4 85.1 5.9 LG26 4 32.7 5.9 
 5 9.4 3.9 
(6 
months) 4 2.6 2.6 
 6 5.5 3.0  5 6.1 3.6 
     6 58.1 3.0 
     unknown 0.4 1.6 
        
LG125 4 84.2 5.0  4 38.6 4.8 
 5 9.7 4.0  4 1.6 1.6 
 6 6.1 3.3  5 10.9 3.8 
     6 48.4 2.3 
     unknown 0.5 1.6 
        
LG26Sr 4 90.6 5.1  4 36.5 4.8 
 5 5.2 3.5  4 1.9 1.6 
 6 4.2 3.0  5 6.0 3.8 
     6 53.5 2.6 
     unknown 2.2 1.6 
        
ART10 4 93.9 5.1  4 36.8 4.8 
 5 3.7 3.6  4 0.9 1.6 
 6 2.4 3.0  5 4.4 2.6 
     6 56.8 2.8 
     unknown 1.2 1.6 
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All the cement spectra (Figures 5.57, 5.58, 5.59 and 5.60) show clearly the 
conversion of Al(IV) to Al(VI) as the setting reaction proceeds. The intensity of 
A(IV) peak decreases with setting time and the Al(VI) peak becomes more 
pronounced. From the deconvolution study by dmfit Cz model, the amount of 
Al(IV) for LG26 reduced from 85.1% to 35.3%. For LG125 and LG26Sr, it 
decreased from 84.2% to 40.2% and 90.6% to 38.4% and ART10 it reduced from 
93.9% to 37.7%, respectively. Table 5.8 shows the details for all Al species and 
its percentage in the cements.  
 
In the glass network the Al3+ species can be locally charge compensated by P5+ 
species which mitigates the need for the Al to require a local charge balancing 
cation from Group I or Group II. This makes the Si-O-Al-O-P moiety far less 
susceptible to acid hydrolysis. This is because there is little or no possibility for an 
ion exchange of the charge balancing cations with a proton followed by 
subsequent acid hydrolysis of the Si-O-Al bond [51, 80].  
 
The setting reaction can be followed from the deconvolution of the spectra and 
determining the ratio of Al(VI) to Al(IV). Figures 5.62 and 5.63 show graphs of 
Al(VI):Al(IV)+Al(V) against log time for LG26, LG125, LG26Sr and ART10 
cements. The setting of LG26 cements continues up to 28 days whereas ART10 
and LG26Sr cements continue up to 1 year. However, for LG125 cements, which 
are based on mixed Ca/Sr glass, the setting reaction in terms of the conversion of 
Al(IV) to Al(VI) is complete after 1 day. The difference in the setting process of 
these cements results from the differences in the glass compositions. Thus, a 
composition of the glass has a strong influence on the setting behaviour in the 
cement formation. 
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Figure 5.62. Ratio of Al(VI):Al(IV)+Al(V) plotted against log time for LG26, 
LG125 and LG26Sr cements. The setting reaction for LG26Sr continues up 
to 1 year, whereas for LG125 completes after 1 day. Deconvolution was 
performed using dmfit Gaussian model without taking into account the 
second quadrupolar line broadening. The lines are guide to the eye only. 
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Figure 5.63. Ratio of Al(VI):Al(IV)+Al(V) plotted against log time for ART10 
cement and a comparison graph for all GPCs. The setting reaction for 
ART10 continues up to 1 year. Deconvolution was performed using dmfit 
Gaussian model without taking into account the second quadrupolar line 
broadening. The lines are guide to the eye only. 
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Furthermore, from the theoretical calculation of the ratio Al(VI) to Al(IV) from 
the glass composition, the ratio is 1.67 for all four glasses. Comparing the results 
of Al(VI) to Al(IV) ratio from the deconvolution and the calculated ratio of the 
glasses, it is found that the ratio of 1.67 from the glasses matches closely with the 
ratio of Al(VI): Al(IV)+Al(V). The ratio of Al(VI) to Al(IV)+Al(V) reaches a 
maximum of about 1.60 and 1.56 for the LG26 and ART10 cement, respectively. 
The other two cement series attain 1.12 for LG125 and 1.14 for LG26Sr. This 
suggests that the intensity assigned as the Al(V) signal does not arise solely from 
the residual quadrupolar line broadening of the Al(IV) site but should be partially 
attributed to the real intensity of the Al(V) site. 
 
In addition, because the ratio of Al(VI): Al(IV)+Al(V) is lower than the calculated 
ratio in LG125 and LG26Sr cements, it is suggested that the reaction does not go 
to completion or the Ca2+/Sr2+ cations are released preferentially compared to 
Al3+. This is thought to be due to high phosphorus content in LG125 and LG26Sr 
creating more stable Al-O-P bonds in the glass. In contrast to the these phosphate 
rich glasses, the lower phosphate containing glass ART10 would more readily 
degrade and tend to favour the release of Al relative to Ca. For LG26 cements, the 
ratio is the highest among these cement series, which may due to the glass 
composition. LG26 cements are based on fully Ca glass, which is widely used in 
GPCs. 
 
It is important to note that the formation of Al(VI) may not correlate exactly with 
the ionic crosslinking of the cement matrix. Whilst six coordinate Al3+ cations are 
present in the cement matrix, it is possible that the types of ligands attached to the 
Al(VI) may change with time. For example, the number of COO- ligands attached 
to it may progressively increase with time. Therefore, it may be able to see 
changes in the mechanical properties of the cements in the long term although the 
setting reaction in terms of the proportion of Al(VI) sites does not change or 
increase after a certain period. 
 
The previous studies [13, 73] showed that the Al(V) peak disappeared after a 
certain ageing time, but from the current data this species is still present in all the 
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cements after 1 year. The reason why the Al(V) remains in the cements may be 
due to the presence of the relatively high phosphate content of these glass. In 
addition, most of previous studies [13, 73] have been carried out using lower 
magnetic field strengths of 4.7 T and 9.4 T, which exacerbates the quadrupolar 
line broadening, resulting in even more poorly resolved spectra and a greater 
asymmetric tail from the Al(IV) peak where the peak of Al(V) might be expected. 
Whereas, the present studies are carried out at higher field (14.1 T) which greatly 
mitigates the quadrupolar broadening effect. The observations of highly 
coordinated aluminium species in the original glasses are in a good agreement 
with the study by Stebbins et al. [81]. They reported that the Al(V) and Al(VI) 
species are still present in aluminosilicate glasses as when measured at higher 
magnetic field ( 14.1T and 18.8T).  
 
The movement of the 27Al MAS-NMR to a higher chemical shift in LG26 may be 
due to the effect of fluorine in the glass composition. This result agrees with the 
finding in LG35 cement (simple glass with fluoride) from the previous section. 
Although the two other cement series (LG125 and LG26Sr) do not show any 
movement to a higher chemical shift, the peak for Al(IV) becomes narrower than 
its original glass. The 3QMAS-NMR reveals the presence of Al(V) and there are 
two sites of Al(IV) in the cements (Figure 5.64). As mentioned in Section 5.5.4, 
these two sites may belong to Al(IV) in the original glass and also another Al(IV) 
species in the degraded glass. In contrast to LG26 cements, ART10 cements show 
a movement to a lower chemical shift. This may be due to the lower phosphate 
content in ART10 glass, which reduces the number of Al-O-P linkages. Thus, 
Al(IV) can be released easily compared to other glasses.  
 
The “unknown species” at 13.0-16.0 ppm, is present at highest concentration in 
the 2 minutes cement spectra (ART10 and LG26Sr glasses) and then decreases 
with time. Although there is no significant “unknown species” in LG125 and 
LG26 cements from the 27Al MAS-NMR spectra, the deconvolution (dmfit Cz 
model) requires including an unknown phase at around 16.0 ppm in order to get 
the best simulated spectrum. 
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Figure 5.64. 27Al 3QMAS-NMR for LG125 cement at 1 year setting time 
(top), LG26Sr (middle) and ART10 (bottom) cements at 6 hours setting time. 
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5.7 MAS-NMR Spectroscopy Studies in the Setting Reaction of 
GPCs based on Sodium Containing Glass LG68 (4.5SiO2 
3.0Al2O3 1.5P2O5 (3.0-X)CaO 1.5CaF2  XNa2O, where X=1.2)  
 
This study was designed to understand the effect of sodium cations in the setting 
reaction of the GPCs by using 29Si, 19F, 31P and 27Al MAS-NMR spectroscopy. 
 
5.7.1  29Si MAS-NMR Spectroscopy 
 
Figure 5.65 shows the 29Si MAS-NMR spectra of the GPCs based on sodium 
containing glass, LG68. The original glass consists of one peak at -88.1 ppm 
which is assigned as Q4(4Al) and Q4(3Al) structures. As the setting reaction takes 
place, this peak moves towards a more negative value and the peak becomes 
broader than the original glass. The movement to a more negative value is due to 
the fact that as the Al cations have been released to the cement matrix, the number 
of Al around the Si will be decreased. At 6 months setting time, this peak can be 
found at -100.0 ppm which can be assigned as Q4(1Al). That means after 6 
months setting time, approximately one Al cation is attached to the Si network 
compared to approximately three Al cations in its original glass. In addition, the 
peak becomes broader due to the overlapping of several Q structures. 
 
These cements show similar trends to the experimental GPCs in the previous 
section. This confirms that all cements regardless of their glass composition will 
go through the similar changes to the Si network during the cement formation 
reaction. 
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Figure 5.65. 29Si MAS-NMR spectra of GPCs from LG68 glass. The chemical 
shift at -88.1 ppm in the glass moves towards more negative value with the 
setting time. The line is a guide to the eye only. 
 
 
Figure 5.66. 31P MAS-NMR spectra of GPCs based on LG68 glass. There is a 
slight movement from -6.0 ppm in the glass to -9.0 ppm in the cement. The 
line is a guide to the eye only.  
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5.7.2  31P MAS-NMR Spectroscopy 
 
The 31P MAS-NMR spectra for the cements based on LG68 sodium containing 
glass at various setting time are shown in Figure 5.67. Generally, the chemical 
shifts for all cements shifted slightly to a negative value with setting time and 
reached the value of -9.0 ppm after 6 months. This finding is similar to the GPCs 
in the previous section.  
 
The chemical shifts are in the range for pyrophosphate environment with Ca and 
Na cations charge balancing the Al-O-PO33-. Since the shift in 31P MAS-NMR is 
small, it is suggested that the pyrophosphate environment of the glasses does not 
change very much with the setting reaction. The presence of cations such as Ca or 
Na charge balancing the Al-O-PO33- has not resulted in a large difference in how 
the pyrophosphate environment reacts when the setting reaction occurs. This 
finding also reflects that the Al ions in Al-O-P bond may not be released from the 
glass network because the PO4 still remain in the pyrophosphate environment. The 
slight change in the chemical shift may be due to the release of small amount of 
Na from the pyrophosphate environment.  
 
 
Figure 5.67. The schematic of the pyrophosphate environment changes as Na 
cations are released during the setting reaction. 
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5.7.3  19F MAS-NMR Spectroscopy 
 
Figure 5.68 shows the 19F MAS-NMR spectra for cements based on LG68 glass at 
various setting times. After six months setting time, the spectrum looks similar to 
the results that were found with different glass compositions in the previous 
section. The peak at -150.0 ppm which was assigned as Al-F-Ca(n) in the glass 
shifted to a more positive position at -130 ppm after 5 minutes setting reaction, 
and became well resolved after 1 hour and remained the same until 6 months. The 
Al-F-Na(n) and the mixed Al-F-Ca/Na(n) peaks at -186.0 and -132.0 ppm, 
respectively, disappeared in the cements.  
 
The 19F MAS-NMR for cements from LG68 glass demonstrates similar results as 
cements from different glasses in the previous section.  This suggests that all 
fluorine in any glass compositions have similar environment after setting reaction. 
However, there is difference when this peak becomes well resolved depending on 
the glass composition. The -130.0 ppm peak may be a result from the fluorine 
bound to Al in higher coordination, Al(VI).  
 
The absence of Al-F-Na(n) and the mixed site of F-Ca(2)/Na(1) in the cements 
suggests that Na cations may be preferentially released from the glass during the 
cement formation. Sodium is a monovalent cation and of smaller size compared to 
calcium, thus it is more mobile and more readily dissolved in water during the 
setting reaction. The introduction of sodium in the GPCs is known to increase the 
fluoride release [50].  Although the principal mechanism is via ion exchange 
between F- and OH- from the solution, sodium probably acts as a counter-ion for 
fluoride release [82]. A previous study [83] showed a reduction in the mechanical 
properties of the cement on increasing the sodium content of the glass. It was 
suggested that the sodium reduces the crosslinking of the glass to PAA by 
forming sodium polyacrylate. This statement will be discussed in detail in the 27Al 
MAS-NMR in the next section. 
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Figure 5.68. 19F MAS-NMR spectra for LG68 cements (4.5SiO2 3.0Al2O3  
1.5P2O5 1.8CaO 1.5CaF2  1.2Na2O) from 5 minutes to 6 months setting time 
and its original glass. The Al-F-Na(n) and the mixed site F-Ca(2)/Na(1) 
disappear in the cements. 
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5.7.4 27Al MAS-NMR Spectroscopy 
 
The 27Al MAS-NMR spectra for the GPCs based on LG68 glass (4.5SiO2 
3.0Al2O3  1.5P2O5 1.8CaO 1.5CaF2  1.2Na2O) are shown in Figure 5.69. There is a 
conversion from Al(IV) to Al(VI) with the setting time similar to the other GPCs 
in the previous section. The intensity of the Al(IV) peak decreases with setting 
time and moves to a  higher value from 51.0 ppm in the original glass to 54.9 ppm 
in the 6 months cement. As mentioned in the previous section, this movement 
may be due to the influence of F- in the cement.  
 
As discussed earlier in the 19F MAS-NMR section, the introduction of sodium in 
the cement may reduce the crosslinking of the glass with PAA. The 27Al MAS-
NMR spectra for LG68 cements show that the conversion of Al(IV) to Al(VI) is 
slower than the GPCs from the Series D glasses in the previous section. For 
example, in the LG26 (fully Ca glass) the intensity for Al(VI) is higher than 
Al(IV) after 30 minutes whereas in LG68 cements this occurs after 6 hours setting 
time. This suggests that the delay in the conversion of Al(IV) to Al(VI) in LG68 
cements may be due to the role of sodium as disrupter to the crosslinking between 
the glass and PAA by forming sodium polyacrylate. 
 
The Al(VI):Al(IV)+Al(V) ratio for LG68 from the peak fitting (Gaussian model) 
confirms that there is a delay in conversion of Al(IV) to Al(VI). Figure 5.70 
demonstrates the ratio is almost constant for the first 30 minutes of setting time, 
which suggests this cement has a slower crosslinking rate at the beginning of 
cement formation.  
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Figure 5.69. 27Al MAS-NMR spectra for LG68 cements (4.5SiO2 3.0Al2O3  
1.5P2O5 1.8CaO 1.5CaF2  1.2Na2O) from 5 minutes to 6 months setting times 
and its original glass.  The line is a guide to the eye only. 
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Figure 5.70. Ratio of Al(VI):Al(IV)+Al(V) plotted against log time for LG68 
cements. The setting reaction reaches a maximum value after 28 days setting 
time. Deconvolution was performed using dmfit Gaussian model without 
taking into account the second quarupolar line broadening. 
 
However, the Al(VI) to Al(IV) + Al(V) ratio reaches a maximum value of  
approximately 1.64 after 28 days of setting time, which is close to the 1.67 
calculated ratio from the glass composition. This suggests that although the LG68 
cements crosslink slowly at the beginning, it still can reach the maximum 
conversion of Al(VI) to Al(IV) with setting time. The possible explanation is that 
at longer setting time, the sodium ions from sodium polyacrylate are released to 
water and thus the carboxyl group from the PAA becomes available again for 
crosslinking. 
 
Furthermore, the deconvolution using dmfit (Cz model) for the LG68 original 
glass and cement at 6 months setting time showed that the amount of Al(IV) 
reduced from 93.5% to  33.1% and the amount of Al(VI) increased from 3.0% to 
61.9%. The amount of Al(V) slightly decreased from 3.5 % to 3.3%. 
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5.8  MAS-NMR Spectroscopy Studies in the Setting Reaction of 
Carbomer® 
 
This study was included to compare the setting reaction of the experimental 
cements that have been prepared in the laboratory and a new commercial cement 
in the market. Carbomer® is a GPC with additional nano crystals of FAP which 
act as nuclei for the remineralisation process. The glass is thought to have a much 
finer particle size than conventional GPCs. The setting reaction for Carbomer® 
was followed from 5 minutes to 10 months. The 29Si, 31P, 19F and 27Al MAS-
NMR spectroscopy were used to gain information about the setting reaction and 
the effect of FAP in the cement formulation.  
 
5.8.1  XRD Pattern and Glass Composition 
 
The chemical composition of Carbomer® glass was determined by CERAM 
Research Limited as shown in Chapter Three. The analysis showed that 
Carbomer® glass has a higher amount of silica and fluoride and is lower in alkali 
oxides and phosphorus than the experimental glasses studied to date.  
 
Figure 5.71 shows the XRD pattern for Carbomer® glass and the FAP. The glass 
has a broad halo which indicates the amorphous phase and the FAP shows sharps 
lines for a crystalline phase. The Xpert Highscore software shows that the pattern 
of FAP matches closely to HAP and FAP (Figure 5.72).  
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Figure 5.71. XRD patterns of Carbomer® glass and FAP. 
 
 
Figure 5.72. XRD pattern of FAP in Carbomer® matching with a) 
hydroxyapatite, syn: reference code: 01-086-1199 and b) fluoroapatite: 
reference code: 01-073-1727.  
  
 150
 
5.8.2 29Si MAS-NMR Spectroscopy 
 
Figure 5.73 shows the 29Si MAS-NMR spectra for Carbomer® at different setting 
times. There is one major peak at -97.0 ppm in the original glass and it shifted to a 
slightly more negative value at -100.8 ppm at 3 months setting time. The chemical 
shift of the original glass is higher compared to the chemical shift for the glasses 
in the present study. This may be due to the high Si: Al ratio in Carbomer®, which 
decreases the number of Al cations around the Si tetrahedra. Furthermore, from 
the literature review [21] this chemical shift is attributed to Q4(2Al). Carbomer® 
has a low amount of network modifying oxides and thus there are no NBOs in the 
Si network. 
 
 As the setting reaction proceeds to 3 months, the chemical shift of 29Si MAS-
NMR moves slightly to a negative value at -100.8 ppm, which can be assigned as 
a mixture of Q4(2Al) and Q4(1Al) species. This data shows that during the setting 
reaction, the Al cations are released from the aluminosilicate network in the glass. 
This leads to a decrease in the number of Al cations attach to the glass network.  
 
In addition, the 29Si MAS-NMR spectra for Carbomer® cements demonstrate a 
slightly different trend compared to the experimental GPCs in this study. 
Carbomer® gives a sharp and more symmetric peak whereas the experimental 
GPCs show an asymmetric peak even at early times in the setting reaction. 
Because the glass has a lower amount of Al and no NBO, the recondensation of 
the Si network only takes place at one Q structure, which is from Q4(2Al) to a 
mixture of Q4(2Al) and Q4(1Al). Hence the Si network is more ordered compared 
to the experimental GPCs in the previous section.  
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Figure 5.73. 29Si MAS-NMR spectra for Carbomer® cements from 5 minutes 
to 3 months setting time and its original glass. The line is a guide to the eye 
only. 
 
Figure 5.74. 31P MAS-NMR spectra for Carbomer® cements from 5 minutes 
to 3 months setting time, its original glass and FAP (top). The line is a guide 
to the eye only. 
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5.8.3 31P MAS-NMR Spectroscopy  
 
Carbomer® is a cement with the addition of FAP to promote the nucleation of 
apatite in the cement during remineralisation. The 31P MAS-NMR for Carbomer® 
is shown in Figure 5.73. The original glass has a single broad peak at around -10.7 
ppm, which is assigned to pyrophosphate environment (Q1 Al-O-PO3-3). This 
chemical shift is higher and the peak is broader compared to the chemical shift for 
the glasses in the previous section. This suggests that the peak may contain more 
than one species. The chemical composition of Carbomer® shows that apart from 
Na, Sr and Ca cations, there are also small amount of Zn and Ba cations in the 
glass. Consequently, there is a possibility of mixed cations charge balancing the 
pyrophosphate environments in Carbomer® glass. Moreover, this glass has a low 
content of alkali oxides to charge balance the PO4-3, which may result in the 
presence of small amounts of P-O-P sites (Q2 metaphosphate).  
 
The addition of FAP in Carbomer® glass gives another peak at 3.1 ppm that is 
assigned to a Ca orthophosphate environment. The pyrophosphate site in the 
mixture of glass and FAP shifted to a more negative chemical shift at –16.0 ppm. 
In commercial GPCs, the manufacturer normally pretreats the glass in order to 
decrease the reactivity of the glass. This is important to make sure that the GPCs 
have a good working time. The pretreatment of the glass such as acid-washing 
modifies the surfaces of the glass particles, thus inducing a delay in the leaching 
process [84].  
 
The movement of the pyrophosphate peak to a more negative value may be due to 
the pretreatment of the glass. The pretreatment of the glass may decrease the 
amount of cations to charge balance the Al-O-PO33-. This will lead to an increase 
in the number of AlO4 tetrahedra around a PO4 tetrahedron. Dollase et al.[79] 
reported that in the 31P MAS-NMR spectra of solid solution of Na3PO4-AlPO4, the 
chemical shift moved to a more negative value with increasing the number of Al 
around PO4 tetrahedron. Since the pretreatment of the glass may only modify the 
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surface of the glass particle, it is suggested that only small amount of Q2 
phosphate with two Al cations is formed (Figure 5.75). 
 
 
 
Figure 5.75. The schematic of phosphate structure changes from Q1 to Q2 
structure during the pretreatment of the glass. 
 
During the setting reaction, the pyrophosphate peak moves from -16.0 ppm in the 
glass to a more positive value at -11.0 ppm after 10 months setting time.  This 
trend is similar to the experimental GPCs, which showed a peak at around -8.0 to 
-9.0 ppm after setting. The movement of the chemical shift to a more positive 
value may be due to the dissolution of the P-O-P bonds during the acid attack. 
Moreover, this peak becomes narrower with setting time which suggests that the 
cement has more ordered pyrophosphate environment. The peak is slightly 
asymmetric at the right side, which suggests the Q2 phosphate with two Al cations 
is not involved in setting reaction. 
 
The 31P MAS-NMR of the Carbomer® also gives an interesting data on the effect 
of the FAP in the cement. It is assumed that the presence of FAP will promote the 
nucleation of apatite in the Carbomer®. However, this data shows that the 
orthophosphate peak of FAP at around 3.1 ppm decreases with setting time. This 
suggests that a fraction of FAP has been consumed during the setting reaction. 
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5.8.4  19F MAS-NMR Spectroscopy 
 
 
As mentioned in the 31P MAS-NMR section, the Carbomer® cement consists of 
FAP for promoting the nucleation of apatite. Therefore, it is expected to see 
changes in the 19F MAS-NMR as the setting reaction proceeds from 5 minutes to 
10 months. Figure 5.76 shows the 19F MAS-NMR spectra for the Carbomer® 
cements. It is found that the original glass, which is the untreated glass has a peak 
at -142.7 ppm which can be assigned as Al-F-Ca/Sr(n). However, for the glass 
with FAP, this peak shifts to a more negative value at -150.0 ppm. Both glasses 
have two more peaks at around -90.0 to -100.0 ppm which can be assigned as F-
Ca(n) or F-Sr(n) sites and at -187.0 ppm for Al-F-Na(n). 
 
There is approximately 20% of FAP added to the glass [85]. Surprisingly, there is 
no significant sharp peak of FAP even before mixing the glass with PAA. 
Furthermore, only a very small unclear peak at around -103.0 ppm is detected, 
which is attributed to F-Ca(3) for FAP. Compared to the 19F MAS-NMR of FAP 
that is used in this cement, there is a very sharp peak of F-Ca(3) of FAP at -103.0 
ppm.  
 
After the setting reaction, this small peak of F-Ca(3) from the FAP cannot be seen 
clearly even at 5 minutes setting time. If the FAP is promoting the nucleation of 
apatite, this F-Ca(3) peak should increase in intensity. In contrast, the 19F and 31P 
MAS-NMR data show that the intensity of the F-Ca(3) and orthophosphate peaks 
decrease with setting time.  
 
Combining the XRD and the 31P and 19F MAS-NMR data, it is believed that the 
reason why the FAP gives a clear orthophosphate peak in the 31P MAS-NMR but 
not in the 19F MAS-NMR, is because of the FAP added is a mixture of FAP and 
HAP. However, because the 19F MAS-NMR spectrum for FAP sample shows a 
very sharp peak of the F-Ca(3) site, it is suggested that the apatite is a mixture of 
FAP and HAP. If these are a mixture of FAP/HAP in the crystal lattice, the 19F 
MAS-NMR will be broadened because of the disordered environment. 
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Similar to the experimental GPCs, Carbomer® cements show that the amount of 
F-Ca(n) and F-Sr(n) species decrease and the Al-F-Na(n) species disappears with 
setting time. A new peak appears at -140.0 ppm which is described earlier as the F 
ions attached to Al at higher coordination state.   
 
This study found that a portion of the FAP is used during the setting reaction and 
may decrease the amount of FAP for promoting the nucleation of apatite. The 
XRD and the 19F and 31P MAS-NMR data suggest that the FAP used in this 
cement formulation may be a mixture of FAP and HAP. It is known that HAP has 
higher dissolution rate compared to FAP. Thus there is a possibility that the Ca 
and phosphate of the HAP have reacted during the setting reaction. The Ca ions 
then may be used to crosslink the PAA chains. A study by Moshaverinia et al. 
[56] reported that the incorporation of HAP and  FAP to the GPC enhanced the  
mechanical  properties of the cements. They suggested that during the setting 
reaction the HAP and FAP are involved in the acid-base reaction via their 
phosphate and Ca ions.  
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Figure 5.76. 19F MAS-NMR spectroscopy for Carbomer® cements at 5 
minutes to 3 months setting time and the original glass as well as the FAP. 
The spinning sidebands are indicated by (*) and the line is a guide to the eye 
only.  
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5.8.5 27Al MAS-NMR Spectroscopy 
 
Figure 5.77 shows the 27Al MAS-NMR spectra for the Carbomer® cements from 5 
minutes to 10 months setting time and the original glass. The original glass shows 
a major peak at 50.0 ppm which is assigned as Al(IV). Another peak at -0.4 ppm 
is attributed to Al(VI) and there is also a broad shoulder at around 30.0 ppm, 
which is  assigned as Al(V). There is also a small peak at around 15.0 ppm as 
found in some of previous glasses, which is assigned as “unknown species”. 
Interestingly, this “unknown species” becomes significantly sharp in the glass 
with FAP, which is believed to be due to the pretreatment of the glass.  
 
After the setting reaction, the intensity of the Al(VI) increases and becomes more 
intense than Al(IV) after 1 to 6 hours setting time. In comparison to the 
experimental GPCs, there are two sites of Al(VI) in the Carbomer® cements. The 
chemical shift for Al(IV) moves to a more positive value at around 54.0 ppm in 
the cement at 10 months setting time.  
 
The deconvolution analysis using Gaussian and Cz models shows that in order to 
have a better simulated spectrum, an additional Al(IV) should be included in the 
pretreated glass. The pretreatment of the glass is normally done to modify the 
surface of the glass. Therefore, the additional site of Al(IV) in the Carbomer® 
glass may arise from the pretreatment of the glass.  
 
As the setting reaction proceeds, the surface of the glass will be modified as the 
Al(IV) released to the cement matrix to form Al(VI). This can be seen in the 27Al 
MAS-NMR spectra of the cements. The Al(IV) peak becomes narrower which 
suggests the existence of a second Al(IV) site, which is described earlier as Al(IV) 
in the degraded glass. In addition, the chemical shift of Al(IV) moves to a more 
positive value, which may be due to the influence of fluorine in the glass. The 
chemical analysis of the glass shows that this glass has a high amount of fluoride 
which supports the above statement. 
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Figure 5.77. 27Al MAS-NMR spectra for  Carbomer® cements from 5 minutes 
to 10 months setting time and the original glass. The line is a guide to the eye 
only. 
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The deconvolution data using dmfit Cz model estimated that the amount of Al(IV) 
decreased from 64.5% in the pretreated glass to 45.4% in the 10 months setting 
time cement. The percentage of Al(VI) increases from 9.8% to 47.9%, whereas 
for Al(V) it reduces from 19.2% to 12.3% in the 10 months setting time cement. A 
significant amount of two “unknown species” is still present in the 10 months 
cements, which reduced from 6.4% to 4.5% at 10 months. 
 
 
Figure 5.78. Ratio of Al(VI):Al(IV)+Al(V) plotted against log time for 
Carbomer® cements. The setting reaction reached a maximum value after 28 
days setting time. Deconvolution was performed using dmfit Gaussian model 
without taking into account the second quadrupolar line broadening. The 
line is a guide to the eye only. 
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The calculation of Al(VI):Al(IV) + Al(V) ratio from the deconvolution data 
(Gaussian model) is shown in Figure 5.78. The conversion of Al(IV) to Al(VI) is 
linear to the setting time and constant after 28 days setting reaction. Carbomer® 
contains 5.3 mole percent of NaF which can inhibit the crosslinking rate at the 
early setting time. No delay for the conversion of Al(IV) to Al(VI) is observed 
with Carbomer® cements. This is in contrast to the LG68 cements which contain 
8.9 mole percent of Na2O.  
 
The LG68 cement data suggests that Na cation disrupts the crosslinking of the 
glass and PAA by forming sodium polyacrylate. However, in Carbomer® glass, 
there is a large amount of fluoride and a low amount of phosphate, which are 
known to extend the working and setting times of the cement. In addition, the 
particle size of the Carbomer® glass is finer than the experimental glasses used in 
this study. The particle size of the glass powder is also important to the cement 
properties. The finer glass gives faster setting reaction because of the greater 
surface area of the glass powder available to react with the PAA chains.   
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5.9 27Al MAS-NMR Spectroscopy at Higher Magnetic Field 
18.8T (800 MHz) 
 
Quadrupolar interactions cause line broadening and distortion of the peaks as well 
as displacement from the isotropic chemical shift. It is known that high magnetic 
field strength produces a narrow spectrum because the quadrupolar effects reduce 
with the square of the magnetic field strength [37].    
 
In order to minimize the effect of quadrupolar line broadening in 27Al MAS-
NMR, a higher magnetic was used (18.8T) to compare with the 14.1T data. Figure 
5.79 show the 27Al MAS-NMR spectrum for ART10, LG125 and LG26Sr glasses 
at different magnetic field. It is found that at higher magnetic field (18.8T), the 
quadrupolar line broadening for Al(IV) is reduced and the Al(V) sites has a better 
resolution compared to 14.1T magnetic field.  
 
Figure 5.79. 27Al MAS-NMR spectra for ART10, LG26Sr and LG125 glasses 
at 600 and 800 MHz magnetic field. 
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A slight difference in the chemical shift is due to the quadrupolar effect, which 
shifted the chemical shift from their true isotropic chemical shift. Several studies 
[59, 86, 87] reported that the extent of the shift depends strongly on the 
quadrupolar coupling constant and the resonance frequency, which is the magnetic 
field.  
 
Table 5.9 shows the percentage of each Al site in the glasses studied at different 
magnetic field. The deconvolution analysis reveals that the amount of Al(V) 
decreases whereas the Al(IV) sites increases at higher magnetic field. This 
suggests that at higher magnetic field (18.8T), the effect of quadrupolar line 
broadening for Al(IV) is smaller compared to a lower magnetic field.  
 
Table 5.9. Percentage of Al at each site in the ART10, LG125 and LG26Sr 
glasses at different magnetic field. Deconvolution was performed using dmfit 
(Gaussian model) without taking into account the secondary quadrupolar 
line broadening.  
600 MHz 800 MHz  
Glass Al(IV) Al(V) Al(VI) Al(IV) Al(V) Al(VI) 
ART10 57.3 40.9 4.8 75.3 20.0 1.7 
LG125 50.4 46.4 3.3 69.2 22.2 8.6 
LG26Sr 66.7 29.2 4.2 71.1 24.1 4.9 
 
The deconvolution of the spectra was done using Gaussian peak, which could not 
take into account the quadrupolar line broadening into the peak calculation. 
Therefore, another fitting was performed using dmfit program with Cz model, 
which includes the quadrupolar line broadening in the fitting process. Figure 5.80 
shows the example of the peak fitting with dmfit Cz model for ART10 glass at 
600 and 800 MHz spectrometer. Both magnetic fields gave more or less similar 
percentage of each Al species, which proves that 14.1T magnetic field is sufficient 
for the present study.   
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Figure 5.80. Deconvolution of 27Al MAS-NMR spectrum of ART10 glass 
acquired at 14.1T and 18.8T spectrometer. The fitting were done using dmfit 
Cz model by taking into account the second quadrupolar line broadening. 
 
 
Table 5.10. The percentage of Al species of ART10 glass obtained at different 
magnetic fields. 
Magnetic field Al(IV) Al(V) Al(VI) 
14.1T 89.3 5.4 5.3 
18.8T 87.8 7.9 4.3 
 
In addition, the deconvolutions of 27Al MAS-NMR spectra of the cements from 
18.8T magnetic field were performed. Figure 5.81 shows the ratio of 
Al(VI):Al(IV)+Al(V) of LG125 cements from both magnetic field.  This study 
found that the ratio of Al(VI):Al(IV)+Al(V) from both magnetic field agreed well.  
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Figure 5.81. Ratio of Al(VI):Al(IV)+Al(V) plotted against log time for LG125 
cements at different magnetic fields. 
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Part III. Setting Model 
 
The formation of GPC involves the acid-base reaction of PAA and the glass 
particle, and ions locked up in the glass network, primarily Al3+, Ca2+ and F- are 
released [26]. It is thought that the dissolution process [88] of the aluminosilicate 
glasses involves two processes. Firstly, the ion exchange of these ions (Ca and Sr 
ions) with protons from PAA. Secondly, these ions along with Al and F ions are 
also released from the glass dissolution process. Both migrate to the aqueous 
phase of the cement and the cations ionically crosslink with the carboxylate 
groups of the PAA. In the glass structure, Al ions exist predominantly in a four 
coordination state to accommodate the tetrahedral silicate network of the glass. 
However, during the formation of the GPCs and the release of Al from the glass 
into the aqueous phase, the coordination number for Al ions increases to six, 
where six ligands must be attached to the Al3+ cation [21]. The MAS-NMR 
spectroscopy can probe the coordination of an atom and hence, can be used to 
follow the conversion of Al(IV) to Al(VI) during the setting process. 
 
In this study, the glass and the setting reaction of the GPCs have been investigated 
using MAS-NMR spectroscopy.  The setting reaction was followed as early as 5 
minutes to long term setting times. The glasses were chosen from simple glasses 
to multicomponent glasses as well as a commercial GPC. Furthermore, the setting 
reaction was followed not only by 27Al and 29Si MAS-NMR but also on the 31P 
and 19F MAS-NMR.  Therefore, a model for the setting reaction of the GPCs can 
now be established.  
 
In this study, the glasses were designed to have the Al:Si+P ≤1.0, to ensure that Al 
is present as Al(IV) in the Si tetrahedral network. There are also small fraction of 
Al(V) and Al(VI). The Al(IV) is normally present as Al-O-Si and in the presence 
of phosphate Al-O-P species can be formed. In the case of fluorine containing 
glasses, there is a possibility to have fluorine bearing the Al(IV) as AlO3F species 
such as Al-F-Na(n) in LG68 glass (4.5SiO2 3.0Al2O3 1.5P2O5 1.8CaO 1.5CaF2  
1.2Na2O) as shown in Figure 5.82. 
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Figure 5.82. The Al tetrahedral structures probably present in fluoro-
aluminosilicate glasses. 
 
During the setting reaction, the Al(IV) is released from the glass and crosslinks to 
PAA chains and switches its coordination state to Al(VI). The intensity of Al(VI) 
in 27Al MAS-NMR increases with the setting time, which indicates the extent of 
Al crosslinked to PAA chains as shown in Figure 5.83. 
 
Chemical shift
ART10 glass GPC at 1 year
Setting reaction
 
Figure 5.83. The 27Al MAS-NMR spectra of ART10 glass and its cement at 1 
year setting time.  
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As the Al(IV) is released from the glass network, the Si:Al ratio in the glass 
increases with the setting time. Neuville et al.[75] reported that the chemical shift 
of  27Al MAS-NMR moves towards a more positive value with increasing the 
Si/Al ratio. This suggestion can be seen in ART1 cements based on 2.0SiO2 
1.0Al2O3 2.0CaO glass as shown in Figure 5.83a. However, most of the GPCs in 
this study give opposite results from ART1 cements. The chemical shift of  27Al 
MAS-NMR of most of the cements including the commercial cement, Carbomer®, 
moves to a more negative value on increasing the Si/Al ratio (Figure 5.84b and c).  
 
This study suggests that the movement of the 27Al MAS-NMR chemical shift 
towards a more negative value may be due to the presence of fluorine in the glass 
composition. Most of these glasses are fluorine containing glasses except ART1 
and LG116 glasses. The 19F MAS-NMR data suggest that there are Al-F species 
such as Al-F-Ca(n) or Al-F-Na(n). During the setting reaction, the Al, F and Ca 
ions are released from the glass network, and it is suggested that some of these 
ions are from the Al-F-Ca(n) sites. 
 
Previous studies [76, 77] showed that the 27Al MAS-NMR chemical shift moves 
to a more negative value by increasing the fluorine content in the glass. However, 
in the cements, the chemical shift moves to the opposite direction with the setting 
time because of the release of the fluorine and thus reduces the amount of fluorine 
in the glass. Similar trends were found previously by Matsuya et al. and 
Stamboulis et al. [34, 73]. However, this issue has not been discussed in detail in 
their papers.  
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(a)
(b)
(c)
 
Figure 5.84. The 27Al MAS-NMR spectra of a) LG26 cement at 28 days of 
setting time and the original glass, b) LG35 cement at 28 days of setting time 
and the original glass and c) ART1 cement at 28 days of setting time and the 
original glass. The lines are guide to the eye only.  
 
  
The 31P MAS-NMR data show similar trend for all GPCs regardless of the 
original glass composition. The phosphate environment in the GPCs remain in the 
Q1 pyrophosphate (Al-O-PO33-) which suggests that the Al(IV) from the Al-O-P 
bonds are not released from the glass network, thus are not available to crosslink 
to PAA chains. A slight movement in the chemical shift of 31P MAS-NMR may 
be due to the rearrangement of the cations around the PO33-.  
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Since the Al-O-P bond is not involved in the setting reaction, it is suggested that 
the amount of phosphate in the glass is an important factor for GPCs formulation. 
To demonstrate the importance of the phosphate content in the GPCs, the 
comparison between GPCs with different phosphate content were performed. 
First, the setting reaction of LG26Sr and ART10 cements where ART10 has a half 
of phosphate content than LG26Sr was compared. The 27Al MAS-NMR data for 
these cements at 5 minutes show that the intensity of Al(VI) is higher in ART10 
cements as shown in Figure 5.85. This suggests that in low phosphate glass, the 
release of Al(IV) and its conversion to Al(VI) is faster compared to a high 
phosphate containing glass.  
ART10
LG26Sr
Chemical shift (ppm)  
Figure 5.85. 27Al MAS-NMR spectra comparing the setting reaction of 
cements with different phosphate content (ART10 and LG26Sr) at 5 minutes 
setting time. 
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In addition, the presence of phosphate can delay the release of Al(IV) to the 
cement matrix as seen in ART1 and LG116 cements. LG116 cements are based on 
4.5SiO2 3.0Al2O3 1.5P2O5 5.0CaO whereas ART1 is an aluminosilicate glass 
without P and F. Figure 5.86a and b shows that the formation of Al(VI) in LG116 
is very slow during the first 30 minutes of setting time, whereas for ART1, the 
conversion of Al(IV) to Al(VI) is almost complete by 30 minutes. Figure 5.86c 
demonstrates the Al(VI): Al(IV) + Al(V) for both cements. It is clear that the 
presence of phosphate in LG116 cements delays the conversion of Al(IV) to 
Al(VI), which also suggests the delay of the crosslinking of Al to PAA chains. 
Thus, this study suggests that the amount of phosphate in the glass is important to 
control the setting and the working time of the GPCs.  
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 Figure 5.86. The 27Al MAS-NMR spectra of a) LG116 cements and b) ART1 
cements, at 5 to 30 minutes setting times. Figure (c) ratio of Al(VI):Al(IV) 
+Al(V). The lines are guide to the eye only. 
 
 
(a) LG116 cements 
 
 
30 minutes 
10 minutes 
5 minutes 
 
(b) ART1 cements 
 
30 minutes 
 
 
10 minutes 
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Another important component in the GPCs is fluorine. Fluorine is important in 
GPCs as it has a cariostatic role in the dental application and is known to facilitate 
the acid attack during the setting reaction. In this study, the comparison of the 
setting reaction of LG26 and LG116 cements, which are based on similar 
composition 4.5SiO2 3.0Al2O3 1.5P2O5 (5.0-X)CaO XCaF2 where X = 2.0 or 0 
respectively, were studied. The 27Al MAS-NMR spectra for both cements at 30 
minutes show that the intensity of Al(VI) is higher in LG26 cement (Figure 5.87). 
This suggests that the presence of fluorine in LG26 cement facilitates the acid 
attack, thus the release of A(IV) to the cement matrix is faster than in LG116 
cement.   
Chemical shift (ppm)
LG116 
LG26 
Figure 5.87. The 27Al MAS-NMR spectra of LG116 and LG26 cements at 30 
minutes of setting time.  
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This study also investigated the role of sodium in the setting reaction of the GPCs. 
It is known that sodium disrupts the glass network and enhances the fluoride 
release [50]. To demonstrate the effect of sodium in the setting reaction, two 
glasses were selected, which are LG26 based on Ca fluoro-aluminosilicate glass 
(4.5SiO2 3.0Al2O3 1.5P2O5 3.0CaO 2.0CaF2) and LG68, which is a mixed Ca/Na 
fluoro-aluminosilicate glass (4.5SiO2 3.0Al2O3 1.5P2O5 2.6CaO 1.5CaF2 
0.4Na2O). The 27Al MAS-NMR data show that the presence of Na delays the 
conversion of Al(IV) to Al(VI) at the early stage of setting reaction compared to 
the LG26 cements. Figure 5.88 shows that the intensity of Al(VI) in LG68 
cements are lower compared to the LG26 cements at the same setting times.  
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(a) 6 months
(b) 30 minutes
(c) 5 minutes
(d) Al(VI):Al(IV) + (V)
LG26      LG68
 
Figure 5.88. 27Al MAS-NMR spectra of LG26 and LG68 cements at a) 5 
minutes, b) 30 minutes and c) 6 months setting times. Figure (d) show the 
Al(VI): Al(IV) +Al(V) ratios for both cements. The lines are guide to the eye 
only. 
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The Al(VI) : Al(IV) + Al(V) ratio for LG68  confirms that there is a delay in 
conversion of Al(IV) to Al(VI). Figure 5.88d demonstrates the ratio is almost 
constant for the first 30 minutes setting time which suggests that this cement has 
slow crosslinking rate at the beginning of cement formation. This suggests that the 
delay in the conversion of Al(IV) to Al(VI) in LG68 cements may be due to the 
role of sodium as a disrupter to the crosslinking between of the PAA by forming 
sodium polyacrylate. 
 
Interestingly, after 6 months of setting time, both LG26 and LG68 cements show 
similar intensity of Al(VI) as shown in Figure 5.88a. Although the sodium 
containing cements has a slow crosslinking rate at the beginning, it still can reach 
the same conversion as the LG26 (Ca glass). This study suggests that at longer 
setting time, the sodium ions from sodium polyacrylate may be released to the 
water and thus the carboxyl group from the PAA become available again for 
crosslinking. 
 
Recently, the commercial manufacturers often included strontium in the GPCs 
formulation for radiopacity purpose. In this study, the influence of strontium in 
the cements was investigated. Three series of the GPCs based on LG26 (Ca glass), 
LG125 (mixed Ca/Sr glass) and LG26Sr (Sr glass) were prepared and the 
Al(VI):Al(IV) +(V) ratios were calculated. It is worth pointing out here that all 
these cements were prepared with weight ratio of glass powder to PAA powder 
that was normalized to the LG26Sr glass to account for the differences in atomic 
weight of Sr and Ca.  
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Figure 5.89. The Al(VI): Al(IV) + Al(V) ratio for LG26, LG125 and LG26Sr 
GPCs. The lines are guide to the eye only. 
 
Figure 5.89 shows the Al(VI):Al(IV)+Al(V) ratios for all the three series of the 
GPCs. The conversion of Al(IV) to Al(VI) is higher for LG26 cements based on 
the Ca glass, compared to mixed Ca/Sr and Sr cements. For mixed Ca/Sr cements, 
the conversion of Al(IV) to Al(VI) is complete after 1 day of setting time. This 
result shows that there is an influence of the Sr being present in the GPCs, 
however, how it influences the release of Al(IV) is not yet fully understood. It is 
believed that the difference may be due to the larger size of Sr2+ ion compared to 
the Ca2+ ion.  
 
The influence of FAP in the GPCs was also studied. A commercial cement, 
Carbomer® with a fine particle glass and additional FAP which is claimed to 
enhance the remineralisation process. The present data however found that the 
apatite is involved in the setting reaction. The 31P MAS-NMR data revealed that 
the intensity of orthophosphate species, which was attributed to apatite decreasing 
with setting time. Moreover, the 19F MAS-NMR only detected a small peak of 
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FAP, which suggests that the FAP in the Carbomer® may be a mixture of FAP 
and HAP. HAP is less stable than FAP and this may result in a higher dissolution 
of HAP during the setting reaction. However, up to 10 month of setting time, 
there is still some fraction of apatite which is still available for nucleating the 
remineralisation.  
 
The disappearance of Al-F-Na(n) species from the LG68 and Carbomer® cements 
suggests that this species may be preferentially released from the glass during the 
cement formation. Sodium is a monovalent cation and smaller size compared to 
calcium, thus it is more mobile and more readily dissolved in water. It is thought 
that the dissolution process of aluminosilicate glass involves two processes [88]. 
Firstly, the ion exchange of ions such as Ca2+ and Na+ with protons from PAA. 
Secondly, these ions along with Al and F ions are also released from the glass 
dissolution process.  
 
Therefore, the absence of Al-F-Na(n) species during the setting reaction may be 
due to the ion exchange between Na+ and proton from PAA. This ion exchange 
process can also be used to explain why the Al-O-P bond is not involved in the 
setting reaction. Al(IV) in Al-O-P is charge balanced by phosphorus, thus there is 
no ion available around Al(IV) to exchange with proton from PAA. 
 
This study also found that the Al(V) is still present in all cements after long term 
setting. This finding is in contrast to the previous studies [13, 73]. This may be 
due to the lower magnetic field were used in their studies, which increases the 
quadrupolar  line broadening and thus give poorly resolved spectra. They 
explained the disappearance of Al(V) as because this species preferentially were 
located in the reactive surface layer of the glass. Nevertheless, some previous 
studies also showed similar finding as reported here. Studies by Pires et al. [46, 
47] showed the presence of Al(V) after setting time. However, there is no further 
explanation for this matter. It is difficult to explain whether the Al(V) is involved 
or not in the setting reaction. There is a possibility that the Al(V) in the glass is 
being released during the cement formation, and the presence of Al(V) after 
setting reaction may be due to the conversion of Al(IV) to Al(V) during the 
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setting reaction. The release of Al(VI) from the glass is also not very clear 
because both Al(VI) in the glass and in the cement matrix have very similar 
chemical shifts. This finding agrees well with previous study by Pires et al. [47]. 
 
The 27Al 3QMAS-NMR and deconvolution analysis show that there is a 
possibility to have two sites of Al(IV) in the cement after setting. During the 
setting reaction, not all Al(IV) will be released to the cement matrix. Therefore, 
the first Al(IV) site is due to the Al(IV) in the glass, and the second Al(IV) may 
be from the degraded glass layer. Similar finding was reported by Pires et al. [47] 
where they described the formation of secondary Al(IV) site as a result of 
leaching process, which modifies the layer during the acid attack.   
 
In the present study, the 27Al MAS-NMR data of Carbomer® cements revealed 
there are two sites of Al(VI) after the setting reaction. Pires et al. [47] also 
reported that there are two sites of Al(VI) in one of their cements. Interestingly, 
the chemical shift for 27Al MAS-NMR of their Al(VI) in the glass is at 14.2 ppm 
which is similar to the “unknown species” in this study. They used a lower 
magnetic field (7.05 T) than in this study, which resulted in poorly unresolved 
peaks. Hence, it is difficult to compare their result with the present data.  
 
This study suggests that there is a possibility to have two sites of Al(VI) in the 
cement after setting reaction. This could be due to a various type of ions attached 
to the Al(VI) in the cement matrix.  
 
The 27Al MAS-NMR data also revealed another Al site at 14.0-16.0 ppm in some 
of the glasses and cements, which is termed as “unknown species” (Figure 5.90). 
This “unknown species” may occur from several reasons. In LG26Sr and LG116 
glasses (Figure 5.88a), this “unknown species” is very small, and may be due to 
the α-alumina impurity which is from the alumina used in the glass making. 
Several studies [34, 89] also found this impurity in their glasses.  
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LG26Sr glass
LG116 glass
chemical shift (ppm)
ART10 at 1 year
ART10 glass
Carbomer® at 10 months
Carbomer pretreated
Carbomer glass
chemical shift (ppm)
(a)
(b)
(c)
 
Figure 5.90. 27Al MAS-NMR spectra of a) LG26Sr and LG116 glasses, b) 
ART10 cement and the original glass and c) Carbomer® cement and original 
glasses. The arrow indicates the “unknown species” in the glasses and 
cements. 
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However, this explanation cannot be used in pretreated Carbomer® glass because 
the “unknown species” is significantly more intense than in the untreated glass. 
Similar to ART10 cement, this “unknown species” does not exist in the original 
glass. A study by Kao and Chen [90] on the dealumination of zeolite H-β by 
ammonium hexafluorosilicate treatment found a peak in the 27Al MAS-NMR 
spectra at 13.0 ppm (magnetic field 9.4T). This suggests the formation of the 
“unknown species” may be a by-product from the pretreatment of the glass. A 
previous study [12] on commercial GPCs glasses showed a similar “unknown 
species” in the Ketac Molar glass. In the case of ART10 cement, this “unknown 
species” may occur as from the by-product or an intermediate species of the acid-
base reaction.  
 
LG35 glass also showed the “unknown species” at around 14.0-16.0 ppm. The 
two explanations above may not be relevant for this LG35 glass because the peak 
is very intense and may consist of two overlapped species as shown in Figure 
5.91. Unlike the above “unknown species”, in the LG35 glass, this “unknown 
species” is also detected in the XRD but does not match to any crystal phase in the 
database. Interestingly, the peak is still intense after the setting reaction which 
suggests that it is not involved in the setting reaction. Nevertheless, all the 
explanations of this “unknown species” in the glass and in the cements are still not 
clear and need further investigation. 
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LG35 cement at 28 days
LG35 glass
chemical shift (ppm)
Figure 5.91. 27Al MAS-NMR of LG35 cement at 28 days and the original 
glass. The arrow indicates the “unknown species” at around 14.0-16.0 ppm. 
 
The 31P MAS-NMR data show that all cements have similar phosphorus 
environments regardless of the original glass composition. As mentioned earlier, 
the phosphate environment is not changed significantly during the setting reaction 
because all phosphate exists as Al-O-PO33- and is not involved in the setting 
reaction. A small change in the chemical shift may be due to the rearrangement of 
charge balancing cations around the PO33-.  
 
The 19F MAS-NMR data also revealed that all cements have similar environments 
after the setting reaction. The decrease of the F-Ca(n) peak may be because it is 
easier to release from the glass, since F-Ca(n) is not part of the tetrahedral 
network. The presence of new species at -130.0 to -140.0 ppm for all cements 
suggests that this species may belong to fluorine bound to Al in higher 
coordination states. Similar species were found in previous study [90] of 
dealuminated zeolite where they described this species as a reaction between Al 
ions with fluorine ions to form (NH4)3AlF6. Further investigation is required to 
determine the structure of fluorine in the Al(VI) in the GPCs. Figure 5.92 shows 
the example of 19F MAS-NMR spectra for GPCs and a possible structure of F 
species at higher Al coordination state. 
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Figure 5.92. a) 19F MAS-NMR spectra of GPCs based on LG26 glass and b) 
the proposed structure for fluorine species in the GPCs. 
 
 
Finally, the 29Si MAS-NMR data suggest that as the Al and other cations are 
released from the glass, it also affected the Si tetrahedral network. It is suggested 
that reconstruction of silicate network takes place as the number of Al(IV) around 
Si decreases during the setting reaction, as has been observed in previous studies 
[7, 34, 47]. The combination of 27Al and 29Si MAS-NMR suggests that the 
reconstruction of Si network depends on the release rate of Al(IV) to Al(VI). For 
example, for the LG68 cements with a slow release of Al(IV) at the early setting 
time, the reconstruction of Si network was delayed compared to ART10 cements 
with a faster release rate of Al(IV) as shown in Figures 5.93 and 5.94. 
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a) 29Si 
b) 27Al
 
Figure 5.93. The MAS-NMR spectra of LG68 cements, a) 29Si MAS-NMR 
and b) 27Al MAS-NMR. The reconstruction of Si network is delayed with the 
slow release of Al(IV) to Al(VI). The lines are a guide to the eye only. 
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a) 29Si                                
b) 27Al
 
Figure 5.94. The MAS-NMR spectra of ART10 cements, a) 29Si MAS-NMR 
and b) 27Al MAS-NMR. The reconstruction of Si network take place as early 
as 5 minutes setting time with the faster release of Al(IV) to Al(VI). The lines 
are guide to the eye only. 
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Part IV. Implications of the study 
 
This study has achieved a much better structural understanding of the glass and 
the setting reaction of the GPCs. The reduction of alumina content in the glass 
composition was found previously to reduce the Tg of the glass. However, this 
study found that there are limitations on the reduction in the alumina content since 
reducing the alumina content will lead to amorphous separation and 
crystallization. This is due to large amount of network modifying oxide, CaO, 
available to disrupt the glass network. A similar effect is found on substituting 
sodium for calcium. The substitution of sodium for calcium is found to influence 
the phosphate and fluorine environments, but not the silicate network. This study 
also found that the presence of phosphorus in the glass will form Al-O-P linkage, 
which reduces the availability of Al for the setting reaction.  
 
Based on this study, an improved glass composition of GPC for dental application 
can be designed. In order to have a better working time, the addition of 
phosphorus in the glass composition is suggested since it will give Al-O-P 
linkages, which are not available for setting reaction. However, too high a 
phosphorus content is expected to give a lower conversion of Al(IV) to Al(VI), 
and this will lead to reduce crosslinking of PAA chains by Al. Another glass 
component that can improve the working time of GPCs is sodium. In this study, it 
was found that sodium can delay the conversion of Al(IV) to Al(VI), which 
increases the working time. Another advantage of having sodium in the glass 
composition is that it does not decrease the availability of Al to crosslink to PAA 
chains. Therefore, the property of GPCs from this glass will be similar to GPCs 
from glasses with no sodium content. It is widely known that fluoride is important 
for inhibiting caries. The addition of fluoride in the glass composition is not only 
important for inhibiting caries but also enhances the conversion of Al(IV) to 
Al(VI). This will give a higher crosslinking rate and accelerate the setting 
reaction.  
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In conclusion, a balance in the proportion of phosphorus, sodium and fluorine in 
the glass composition is important to achieve a better working and setting times in 
GPCs. The improved understanding of glass composition and structure in relation 
to the setting process should enable new cements to be designed and optimised for 
specific applications. 
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6 Conclusions 
 
6.1 MAS-NMR Spectroscopy of Aluminosilicate Glasses 
 
The structure of aluminosilicate glasses were studied using 29Si, 31P, 19F and 27Al 
MAS-NMR spectroscopy. The glasses were designed with Al: Si+P ≤ 1.0, 
following Loewenstein’s rule for maintaining Al in a four-fold coordination state. 
This study showed that Al is predominantly four coordinated in the glass to 
accommodate the Si tetrahedral network and forms Si-O-Al bonds. The presence 
of phosphate moves the chemical shift of 27Al MAS-NMR to a more negative 
value, and in combination with the 31P MAS-NMR data, it was suggested that 
aluminium is preferentially charge balanced by the phosphate forming Q1 Al-O-
PO33- pyrophosphate sites.  
 
In Series A glasses, the addition of phosphorus resulted in Al-O-P linkages, which 
lowered the chemical shift of 27Al MAS-NMR compared to a glass with no 
phosphorus content. 
 
For Series B glasses, the decrease in alumina content changed the Q structure of 
the glass as the number of neighbouring Al in SiO4 network decreased. The 
glasses are more disrupted and have a higher tendency to undergo amorphous 
separation and crystallization because more Ca cations become available to form 
NBOs and more F-Ca(n) species. As a result, the 31P MAS-NMR data 
demonstrated the presence of orthophosphate species and 19F MAS-NMR showed 
the presence of FAP crystal in the lower alumina content glasses. 
 
The MAS-NMR data on the sodium glasses, Series C, revealed that Na enters the 
phosphate and fluorine environments by the presence of mixed Na/Ca 
pyrophosphates and Al-F-Ca(2)/Na(1) species, but is not in the silicate network as 
suggested in a previous study [50]. The 29Si MAS-NMR data show that the Q 
structure of the glass is not affected by the addition Na.  
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The effect of substituting Sr for Ca is also studied (Series D). The MAS-NMR 
data suggested that Sr has a little influence on the Si and Al environments in the 
glass due to the similar charge to size ratio of Ca2+ and Sr2+. However, the 31P 
MAS-NMR data suggested that Sr may slightly affect the phosphate environment 
due to its lower field strength.  
 
6.2  MAS-NMR Spectroscopy of the Setting Reaction of GPCs 
 
The setting reaction of GPCs was followed by 29Si, 31P, 19F and 27Al MAS-NMR 
spectroscopy. The 27Al MAS-NMR data showed that the intensity of Al(VI) 
increased with the setting time, which suggests the release of Al(IV) from the 
glass network and the conversion to Al(VI), which is used to crosslink with PAA 
chains.  
 
All GPCs showed similar phosphate environment compared to the original glasses 
used to form the cement. The 31P MAS-NMR data revealed that all GPCs have 
pyrophosphate environment of Q1 Al-O-PO33- regardless of the original glass 
composition. This suggests that the Al(IV) from the Al-O-P bonds are not 
released from the glass network, and are thus not available to crosslink to PAA 
chains. However, there is a slight movement in the chemical shift of 31P MAS-
NMR, which may be due to the rearrangement of the cations around the PO33-.  
 
The fact that Al-O-P bonds are not available for crosslinking with PAA suggests 
that phosphate content is important for controlling the working and the setting 
time of the GPCs. The present data showed that for LG26Sr and ART10 which 
have similar glass compositions except that of ART10 has a lower phosphate 
content, the intensity of Al(VI) at early setting times was higher in ART10 than 
LG26Sr. Another example of the role of phosphate is between ART1 (no 
phosphate content) and LG116 cements, where there is a delay in the conversion 
of Al(IV) to Al(VI) at the beginning of the setting reaction of LG116 cements 
compared to ART1 cements. 
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This study found that the addition of fluorine in the glass composition can 
facilitate the conversion of Al(IV) to Al(VI) as shown in LG26 and LG116 
cements. LG26 and LG116 cements are based on similar composition 4.5SiO2 
3.0Al2O3 1.5P2O5 5.0CaO, with the addition of CaF2 in the LG26 glass. The 27Al 
MAS-NMR spectra for both cements at 30 minutes showed that the intensity of 
Al(VI) is higher in the LG26 cement which indicates that fluorine can enhance the 
acid attack and accelerate the setting reaction. 
 
The deconvolutions of the 27Al MAS-NMR data of the GPCs were performed 
using Gaussian model. Although this model may underestimate the percentage of 
Al(IV), the setting reaction can still be followed by using the  Al(VI):Al(IV) + 
Al(V) ratio. This study found that part of the apparent Al(V) is in fact quadrupolar 
line broadening from Al(IV).  
 
A comparison study was conducted on 27Al MAS-NMR at a higher magnetic 
field, 18.8T. It was found that the quadrupolar line broadening for Al(IV) was 
reduced at 18.8T compared to 14.1T. Nevertheless, the present study suggested 
that 14.1T magnetic field is sufficient to study the setting reaction of the GPCs. 
 
 The presence of sodium in the GPCs was found to delay the conversion of Al(IV) 
to Al(VI), probably by forming sodium polyacrylate type species and hence 
disrupting the crosslinking of Al to the PAA chains. However, this study found 
that after longer setting times, the ratio of Al(VI): Al(IV) +Al(V) of LG68 is 
similar to Ca cements (LG26 cements), which suggests that the sodium ions from 
polyacrylate matrix may be released to water and thus the carboxyl group from the 
PAA become available again for crosslinking with Al3+ cations. 
 
The disappearance of Al-F-Na(n) species from the LG68 and Carbomer® suggests 
that the ion exchange of Na+ with protons from PAA occurred during the setting 
reaction. The ion exchange process also can be used to explain why the Al-O-P 
bond is not involved in the setting reaction. It is not possible to have an ion 
exchange process in Al-O-P because Al(IV) is charge balanced by phosphorus. 
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Although the presence of Sr has a little influence on the structure of the glass, the 
conversion of Al(IV) to Al(VI) is lower for Sr and mixed Ca/Sr cements than the 
Ca cement. The difference is not yet fully understood, but it is suggested that it 
may be due to the larger size of Sr.   
 
The FAP component in Carbomer® is found to be involved in the setting reaction, 
hence, decreases the amount of FAP available for promoting the remineralisation. 
The 31P and 19F MAS-NMR data suggested that the FAP in Carbomer® is a 
mixture of HAP and FAP. However, after up to 10 month of setting time, there 
was some fraction of apatite left in the cement, which is still available for 
nucleating the remineralisation process. 
 
This study also found that the Al(V) is still present in the GPCs after a long 
setting time. There is a possibility that the Al(V) in the glass is being released 
during the acid degradation and cement formation, and the presence of Al(V) after 
setting reaction may be due to the conversion of Al(IV) to Al(V) during the 
setting reaction. In addition, the release of Al(VI) from the glass is also not very 
clear because the Al(VI) in the glass and Al(VI) in the cement matrix have very 
similar chemical shifts. 
 
The present work suggests that there are two sites of Al(IV) after the setting 
reaction, which are attributed to the Al(IV) in the original glass and in the 
degraded layer of the glass.  
 
The presence of an unknown Al species at 14.0-16.0 ppm in 27Al MAS-NMR may 
be due to several reasons. Firstly, it may be due to the α-alumina impurity which 
is from the alumina used for the glass making.  Secondly, it may be a by product 
from the pretreatment of the glass or the acid-base reaction. However, both 
explanations are not applicable for LG35 glass and further study needs to be 
carried out to understand this issue. 
 
All GPCs showed similar fluorine environment after the setting reaction. The 
decrease of the F-Ca(n) peak may be because it is easier to release this species 
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from the glass since F-Ca(n) is not part of the Si tetrahedral glass network. The 
presence of new species at -130.0 to -140.0 ppm for all cements suggests that this 
species may be associated with fluorine bonded to Al in higher coordination 
states. Further investigation is essential to determine the structure of fluorine in 
the Al(VI) species in the GPCs. 
 
Finally, there is a reconstruction of the silicate network during the setting reaction, 
as a result of release of Al and other ions from the glass network. It is assumed 
that the reconstruction of the silicate network depends on the release rate of the 
Al(IV). There is no evidence that condensation repolymerisation of the network 
occurs at long time periods after Al release from the glass, which does not support 
the view that condensation repolymerisation of Si in the cement matrix accounts 
for the long term changes in cement properties [91]. 
 
6.3 Recommendations for Future Work 
 
The present work gives a better understanding of the glass structure and the 
setting reaction of the GPCs. Nevertheless, it brought up more questions for 
further investigation. Additional analysis is required to answer some of the 
questions, which are listed below: 
 
1. The present study only focused on the 27Al, 19F, 31P and 29Si MAS-NMR. 
Therefore, further study are required on the other nuclei present in the 
GPCs, such as 43Ca, 17O, 23Na, 13C and 1H, to understand the structural role 
of each species in the setting reaction. 23Na MAS-NMR can be used to 
locate the site of the sodium ions in the glassy network. The 17O MAS-
NMR can provide information on BOs and NBOs and combined with 29Si 
MAS-NMR data, it could give further information on the Q3 and Q4 sites 
present in the network and on the condensation repolymerisation of the 
silicon network. The 43Ca MAS-NMR is also interesting to study since 
Ca2+ is released and will crosslink PAA chains during the setting reaction. 
13C MAS-NMR can be used to determine the types of ions bound to the 
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carboxyl groups and 1H MAS-NMR can give information on the role of 
water in the degradation process.  
2.  To provide structural information about silicon and aluminium 
environments in the surface layer, another NMR technique such as cross 
polarization MAS (CPMAS) should be applied. The CPMAS-NMR is 
used in order to ascertain which spins are close in space. This study 
proposed that during the setting reaction fluorine will be released from the 
glass and attaches to Al at higher coordination state. Therefore, the 
CPMAS-NMR of 19F→27Al and 1H→27Al could provide the information 
of the Al environments after setting reaction. Furthermore, the CPMAS-
NMR of 1H→29Si and 27Al→29Si are very useful to give further surface 
structure of the degraded glass and also to support the evidence of 
recondensation of silicate network during the setting reaction. 
3. Further investigation on the Al unknown species at 14.0-16.0 ppm is also 
an interesting subject to study in future. It would be worth investigating 
various glasses with different pretreatment method such as acid-washing.  
4. The effect of FAP in the Carbomer® is not fully understood. It is important 
to understand how the FAP influences the setting reaction and what type 
of species are formed from FAP in the cement. The presence of FAP in the 
Carbomer® is claimed to enhance the remineralisation, therefore, it is 
interesting to investigate the setting reaction of this cement in different 
solutions such as artificial saliva and simulated body fluid (SBF).   
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Appendices 
Appendix I: The calculation of charge ratio for GPCs 
 
Glass Glass (+ve)  PAA (-ve)  
Glass: 
PAA  
(+ve) 
charge 
(-ve) 
charge charge 
  Weight charge Weight charge   
in 
cement 
in 
cement  ratio 
                  
LG26Sr 1351.15 15 72 1 2.00 0.02 0.01 1.67 
                  
LG125 1255.95 15 72 1 1.86 0.02 0.01 1.67 
                  
ART10 1244.65 19.5 72 1 1.42 0.02 0.01 1.67 
                  
LG26 1113.15 15 72 1 1.65 0.02 0.01 1.67 
                  
LG68 1199.85 15 72 1 1.77 0.02 0.01 1.67 
                  
LG116 1069.15 19 72 1 2.00 0.04 0.01 0.64 
                  
LG35 356.1 8 72 1 2.00 0.04 0.01 0.45 
                  
ART1 334.1 10 72 1 2.00 0.06 0.01 0.30 
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Appendix II : Al percentage and Al(VI):Al(IV) +(V) ratio from 
deconvolution of 27Al MAS-NMR spectra using dmfit Gaussian model 
 
 
Glass 
Setting 
Time Al sites (%) 
   Al(IV) Al(IV) Al(V) Al(VI)
unknown 
1 
unknown 
2 
Al(VI):Al(IV) 
+(V) 
           
ART1 glass 69.1 0.0 30.9 0.0 - - 0.00
  5 mins 21.9 40.7 19.5 18.0 - - 0.22
  10 mins 20.7 45.9 15.0 18.4 - - 0.23
  30 mins 18.8 40.7 23.0 17.5 - - 0.21
  1 hour 11.9 54.8 14.1 19.3 - - 0.24
  6 hrs 9.8 55.3 15.3 19.7 - - 0.24
  1 day 8.7 53.4 18.3 19.7 - - 0.25
  7 days 7.9 52.0 20.6 19.4 - - 0.24
  28 days 6.4 52.2 19.3 22.1 - - 0.28
           
LG116 glass 57.9 - 39.4 1.6 - - 0.02
  5 mins 42.3 - 51.3 6.3 - - 0.07
  10 mins 48.4 - 44.5 7.2 - - 0.08
  30 mins 47.0 - 40.8 12.2 - - 0.14
  1 hour 44.3 - 39.2 16.5 - - 0.20
  6 hrs 39.2 - 34.4 26.4 - - 0.36
  1 day 30.3 - 34.1 35.7 - - 0.55
  7 days 38.0 - 27.0 35.0 - - 0.54
  28 days 37.5 - 26.1 36.4 - - 0.57
           
LG35 glass 45.0 0.0 37.7 3.4 1.3 12.6 0.04
  5 mins 34.1 0.0 27.4 23.4 1.2 14.0 0.38
  10 mins 36.4 0.0 26.1 22.2 1.1 14.3 0.36
  30 mins 41.7 0.0 18.6 28.7 4.9 6.1 0.48
  1 hour 0.4 40.7 17.8 29.2 5.5 6.5 0.50
  6 hrs 0.1 41.5 17.3 29.2 5.9 5.9 0.50
  1 day 0.3 39.7 15.9 31.8 6.8 5.5 0.57
  7 days 13.7 33.9 10.5 28.8 5.7 7.5 0.50
  28 days 14.9 32.8 9.1 30.8 5.5 6.9 0.54
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Glass 
Setting 
Time Al sites (%) 
   Al(IV) Al(IV) Al(V) Al(VI)
unknown 
1 
unknown 
2 
Al(VI):Al(IV) 
+(V) 
           
LG26 glass 34.4 - 58.1 7.5 - - 0.08
  5 mins 40.4 - 44.9 14.7 - - 0.17
  10 mins 38.4 - 42.9 18.6 - - 0.23
  30 mins 23.8 9.4 23.3 43.4 - - 0.77
  1 hour 24.4 6.3 19.8 49.5 - - 0.98
  6 hrs 9.9 22.1 19.4 48.6 - - 0.95
  1 day 9.4 19.6 15.8 55.3 - - 1.23
  7 days 8.6 19.9 11.5 60.0 - - 1.50
  28 days 8.5 19.9 10.2 61.4 - - 1.59
  2 mons 6.2 21.3 10.8 61.7 - - 1.61
  4 mons 9.5 18.7 9.5 62.3 - - 1.65
  6 mons 8.6 20.1 9.6 61.8 - - 1.62
           
LG125 glass 50.4 - 46.4 3.3 - - 0.03
  2 min 40.5 - 51.0 8.5 - - 0.09
  5 mins 40.7 - 46.9 12.5 - - 0.14
  10 mins 47.2 - 35.6 17.2 - 0.21
  30 mins 26.7 - 46.8 26.5 - - 0.36
  1 hour 23.4 - 44.9 31.7 - - 0.46
  6 hrs 23.7 - 34.8 40.1 1.4 - 0.69
  12 hrs 26.9 - 26.5 43.8 2.7 - 0.82
  1 day 24.9 - 21.2 46.2 7.8 - 1.00
  7 days 28.6 - 17.9 49.4 4.1 - 1.06
  28 days 28.1 - 19.6 46.4 5.9 - 0.97
  10 mons 25.6 - 16.8 48.3 9.3 - 1.14
  1 year 24.8 - 18.4 48.6 8.1 - 1.12
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Glass 
Setting 
Time Al sites (%) 
   Al(IV) Al(IV) Al(V) Al(VI)
unknown 
1 
unknown 
2 
Al(VI):Al(IV) 
+(V) 
LG26Sr glass 66.7 - 29.1 4.2 - - 0.04
  2 min 48.6 - 34.7 14.4 2.4 - 0.17
  5 mins 35.0 - 42.0 20.7 2.4 - 0.27
  10 mins 34.6 - 32.0 30.6 2.8 - 0.46
  30 mins 35.1 - 29.9 33.4 1.6 - 0.51
  1 hour 31.0 - 29.0 37.9 2.1 - 0.63
  6 hrs 28.8 - 22.7 40.6 7.9 - 0.79
  12 hrs 31.3 - 21.4 40.0 7.3 - 0.76
  1 day 34.6 - 14.9 43.5 6.9 - 0.88
  7 days 27.3 - 17.2 51.4 4.1 - 1.15
  28 days 30.9 - 17.8 47.0 4.4 - 0.97
  10 mons 26.7 - 16.2 52.3 4.8 - 1.22
  1 year 26.6 - 18.7 51.9 2.7 - 1.14
           
ART10 glass 57.3 - 40.9 1.7 - - 0.02
  2 min 56.4 - 21.2 18.5 4.0 - 0.24
  5 mins 45.1 - 16.0 34.5 4.3 - 0.56
  10 mins 52.2 - 12.0 31.0 4.8 - 0.48
  30 mins 41.7 - 15.0 39.6 3.7 - 0.70
  1 hour 36.7 - 19.8 40.7 2.7 - 0.72
  6 hrs 34.8 - 16.4 44.0 4.8 - 0.86
  12 hrs 35.3 - 15.9 44.1 4.7 - 0.86
  1 day 32.4 - 13.0 49.3 5.4 - 1.09
  7 days 33.8 - 9.5 48.1 8.6 - 1.11
  28 days 28.5 - 17.2 49.2 5.0 - 1.08
  10 mons 28.4 - 15.0 52.6 4.1 - 1.21
  1 year 26.9 - 10.1 57.7 5.3 - 1.56
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Glass 
Setting 
Time Al sites (%) 
   Al(IV) Al(IV) Al(V) Al(VI)
unknown 
1 
unknown 
2 
Al(VI):Al(IV) 
+(V) 
           
LG68 glass 56.0 - 39.1 5.0 - - 0.05
  5 mins 44.6 - 46.2 9.1 - - 0.10
  10 mins 48.6 - 42.5 8.9 - - 0.10
  30 mins 46.9 - 39.1 14.0 - - 0.16
  1 hour 40.9 - 30.2 28.9 - - 0.41
  6 hrs 36.4 - 22.0 41.6 - - 0.71
  1 day 39.2 - 15.2 45.7 - - 0.84
  7 days 19.3 14.9 9.6 55.8 - - 1.28
  28 days 15.3 14.3 7.8 62.7 - - 1.68
  2 mons 15.0 15.1 7.6 62.2 - - 1.65
  4 mons 17.9 12.4 7.2 62.5 - - 1.66
  6 mons 16.7 10.4 8.2 64.7 - - 1.83
 
 
 
Glass 
Setting 
Time Al sites (%) 
   Al(IV) Al(IV) Al(V) Al(VI) Al(VI) 
unknown 
1 
Al(VI):Al(IV) 
+(V) 
Carbomer® glass 8.2 46.5 24.7 16.2 0.0 4.4 0.06
  5 mins 32.3 13.0 22.0 1.4 28.6 3.0 0.47
  10 mins 35.0 12.0 22.5 1.0 26.4 3.2 0.43
  30 mins 31.9 9.3 21.2 2.2 31.9 3.5 0.57
  1 hour 28.4 13.5 19.6 1.4 33.6 3.5 0.60
  6 hrs 12.3 32.5 9.5 0.7 41.4 3.6 0.83
  1 day 8.6 32.4 14.1 35.3 6.5 3.0 0.17
  7 day 10.7 27.5 12.0 11.9 34.3 3.6 0.75
  28 days 10.1 21.2 11.8 4.1 49.6 3.2 1.23
  2 mon 10.5 22.4 9.6 3.7 50.2 3.7 1.27
  3 mon 11.5 18.5 10.3 6.1 50.2 3.5 1.33
  10 mon 11.0 18.6 11.4 14.8 40.3 3.9 1.08
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Appendix III : Al percentage and Al(VI):Al(IV) +(V) ratio from 
deconvolution of 27Al MAS-NMR spectra for LG125 cements using dmfit 
Gaussian and Cz models 
 
  
Setting 
time Al sites (%) Al(VI):Al(IV)+(V) 
             
deconvolution 
model 
   Al(IV) Al(IV) Al(V) Al(VI) 
unknown 
1 Gaussian  Cz 
  glass 84.1 0 9.7 6.1 - 0.07 0.03 
  2 mins 72.7 4.5 12 10.8 - 0.12 0.09 
LG125 5 mins 66.9 5.4 11.8 15.9 - 0.19 0.14 
  10 mins 69.2 3.9 10.9 16.1 - 0.19 0.21 
  30 mins 54.4 3.5 11 31.1 - 0.45 0.36 
  1 hr 49.8 3.9 10.4 35.9 - 0.56 0.46 
  6 hrs 44.5 2.1 9.6 42.9 1 0.76 0.69 
  12 hrs 43 2.4 9.7 44.1 0.8 0.80 0.82 
  1 day 41 1.5 11.2 45.8 0.5 0.85 1.00 
  7 days 41.4 2 10 46.3 0.3 0.87 1.06 
  28 days 41.4 3.2 5.3 48.8 1.3 0.98 0.97 
  10 mons 38.2 2.2 9.8 49.3 0.6 0.98 1.14 
  1 year 38.6 1.6 10.9 48.4 0.5 0.95 1.12 
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Appendix IV: Publication 
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